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DISCLAIMER

This guide has been reviewed in agcord_anca with thel_U_.Ss. Err:\élrggg}ﬁrsgaé
Protection Agency's peer and administrative review po u:etg and approvel
for presentation and publication. Meniion of trade nannc}alion om
products does not conslitute endorsement or recomma

FOREWORD

The Environmental Protaclion Agency is committed 10 a broader use of
treatment technclogies for the management of Superfund waste. These
technologies provide permanent long-lerm remedies which serve as
alternatives to land disposal. However, our experience with these
tachniques for soils and sludges is somewhat limited, and relatively few
technologies are considered to be fully developed and available for
common use. In order to meel the goals conlained in the 1986 Superfund
amendments, the Agency must rely on lechnologies which are currently
innovative and require further testing and development before they are
readily availablse for use.

This document provides a framework to assist the evaluation of
technologies in the Superiund program. The guide provides basic
informalion to initially screen technologies applicable to a given Superfund
site or waste. This screening helps to identify the information required to
further evaluate the treatment technologies, most of which are innovative at
this time.

The program encourages the use of these innovative technalogies and
promotes their evaluation when they appear to promise bstter parformance,
easier implementability, fewer adverse impacts, or lower costs than more
proven technologies. Relative to other, more established technologies, it is
parlicularly important {0 conduct treatability studies for innovative
approaches during the remadial investigation/ffeasibility study process and
to carefully consider scals-up factors.

We hope this guide wiil serve as a useful reference. Additional copies of
the report may be obtained al no charge from EPA's Center for
Environmental Research [nformation, 26 West Martin Luther King Drive,
Cincinnati, Ohio, 45268, using the EPA document number found on the
report’s front cover. Once this supply is exhausted, copies can be
purchased from the National Technical Information Service, Ravensworth
Bidg., Springfield. VA, 22161, (702) 487-4600. Reference copies will be
available at EPA fibraries in their Hazardous Waste Colisction.

o, %, | ﬁélé;;“/z:

Henry L. Longest Il, Director
Office of Emergency and
Remedial Response

Thomas W. Devine, Dirsctor
Office of Program Management
and Technology
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PREFACE

his guide is intended 10 disseminate information on technologies
ava—ii'lablegat this time for treating CERCLA wastes in soils and slud%es.lThe
technology data were obtained irom individual treatment techno Sgsy
yandors. The data have besn revieweq by representatives of the U. I
Environmental Protection Agency's Office of Emergency and HBdeI?
Response, Office of Solid Waste, and Office of Aesearch and Development.

P

ABSTRACT

The Technology Screening Guide for Treatment of CERCLA Soils and
Sludges is & guide for screening feasible alternative treatment technologies
for soils and sludges at Superfund sites. The guide provides a screening
mathedology to identify treatment technologies that may be suitable for the
management of soils and sludges containing CERCLA wastes.

A simplified screening methodology fiowchart presents the decision
sleps necessary to identify suitable treatment technologies, while the
wasle/tachnology matrix tables included in this guide can be used to
ascertain whether the treatment technologies have demonstrated
effectiveness, potential effectiveness, or no effectivensss in the treatment of
organic, inorganic, and reactive wasles or whether the technologies could
adversely impact the environment.

For each of the treatment technologies, information is presented on (a)
the generic system, (b) individual, unique systems, (c) developmental
status, (d} process schematics, (@) characteristics affecting treatment
performance, and (f} contacts. Some limited information is also presented
about prelreatment, materials handling, and residuals management
requiremants.
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EXECUTIVE SUMMARY

This document is a guide for the screening of alternative treatment
technologies for contaminated soils and sfudges at CERCLA sites. The
guide has been developed to help those responsible for remedy selection
to identify potentially applicable treatment systems for the remediation of
unconirolled hazardous wasts sites. Il contains technical information useful
for determining the feasibilily and availability of 18 different treatment
technologies without consideration of cost. Some of the fechnologies are
still innovative, are not fully developed. and are not available for immediate
use. This guids is intended for use as a screening iool to facilitate the
scoping of site investtgations and feasibility studies. This guide is not a
substitute for in-depth engineering analyses.

The application of many of the innovative technologies discussed here
has not been fully established. Thersfore, judgment was often required to
assass technology applicability and lirsiting factors. Some readily available
references were used; however, an exhauslive literatuse search was beyond
the scope of this effort.

included in the first part of this document are a methodology and
accompanying matrices that can be used 1o screen wastes for feasible
treatment technologies. The screening can be performed for both wastes in
soils and wastes as sludges. Liquid wasles are not addressed directly:
however, liquids produced in the freatment process are identified, and
associated information on residuals management is provided in a table.
Informational tables on waste pretreatment and materials handling for scils
and sludges are also provided. The result of the technology screening will
be a list of potentially feasible treatment options for the wasta.

Appendices A, B, and C present information on the individual treatment
lechnologies that could appear on the screening list. For each technology,
the document presents a brief description of the generic process;
information on individual, available systems, including unique capabilities; a
discussion of parameters that can affect system operation; and a listing of
selected EPA contacts and vendors. Gensric flow diagrams of technologies
of, where available, diagrams of specific systems are presented. Finally, for
each technology, a table is provided that lists waste characteristics
impacting process performance, the reasons that the characteristics may
restrict operation, and types of analyses nesded to identify the presence of
such characteristics. This information can be used to develop plans for site
sampling and analysis. The table also gives references that provide
additional information about the potential problem.

Where available, quanlitalive data on restrictive characteristics have
besn included in the tables to assist the user in evaluating potential
technologies. The data have been extracted from sources addressing the
technology generically and from sources, including vendors, that describe a
specific treatment system. The data should be used only as guidelinas,
they may not be transferable to every application and are not intended as a
substitute for case-specific assessments by qualitied professionals.



he guide can be used iteratively to further refine technalogy options as
additionat data are obtained. Howaver, this guide is designed only 1o assist

in screening alternative technologies and in identifying theiyata" olie!::ioﬁ? E

requirements needed to evaluate technical feasibility. The applicability and -
availability of potential technologies thus identified must be further
evaluated by using the references provided, contacting technology experts
{including vendors), performing bench and/or pilot testing as necessary,
and considering site-spacific circumstances on a case-by-case basis.
Treatability testing may be required to determine the applicability of some
technologies. This is particularly true for the innovative, undemonstrated
lechnologies and technologies whose sffectiveness is highly dependent on
the characteristics of the waste.

&
o
G-\.

Section 1
Introduction

In the Superfund Amendments and Reauthorization Act of 1986 (SARA).
Congress directed the U.S. Environmental Protection Agency (EPA) to
promote the development of alternative and innovative treatment
technologies for use in Superfund response actions. Similarly, the
Hazardous and Solid Waste Amendments of 1984 (HWSA) to the Resource
Conservalion and Recovery Act (RCRA)} emphasize the treatment of
hazardous waste through the phased prohibition of land disposal of
untreated hazardous wastes. Therefore, Congress has clearly directed the
Agency {o reduce the reliance on land disposal of wastes through the
devsiopment and increased use of altsrnative treatment technologies.

This guide for the screening of treatment alternatives for soils and
sludges has been developed to help identify potentially applicable
treatment technologies for the remedialion of uncontrolled hazardous waste
sites. The guide is not designed to serve as the sole basis for selection of a
technology for a parlicular waste, but rather to identify the treatment
technologies potentially applicable to that waste based on technical
feasibility, not cost. Information on widely available, commercially
demonstrated technologies (e.g., incineration) as well as undemonstrated
innovative technologies (e.g., in situ soil flushing) has been included in this
guide. Judgment was often required to assess the applicability of these
newer lechniques. Furthermore, some readily available references were
used, but the scope of the document did not include a thorough literature
search. Therefore, this guide is inlended for use as a reference and is not
intended 1o replace the judgment of qualified professionals. Each situation
must be addressed on a case-by-case basis, considering the site-
specific circumstances and the status of technologies as they devefop over
time.

This guide does not svaluate treatment technologies for liquid wastes but
focuses inslead on soils and sludges, for which the greatest innovation and
challenge currently exist. Howevar, the management of liquid residuals from
the treatment of soils and sludges is addressed.

Screening is accomplished by use of wasle/technology tables and
technology restriction {ables. These are used to analyze potentially
applicable technologies by:

1. ldentifying treatment units potentially applicable to the remediation of the
many types of waste found at CERCLA sites; and .

2. ldentifying interfering waste and/or site characteristics, treatment process
limitations, pretreatment options, and management of treatment
residuals, all of which must be considered when evaluating a2 potential
treatment system in detail.

The above information is provided in four groups of tables:



(1} waste/technology tables for sludges and soils, (2} jechgology
restriction tables for all the technologies, (3) pretreatment tablep to 4lentify
potential pretreatment and materials-handling systems, and (4} a residuals
management table. The tables are designed to be vsed by both technical
and nontechnical persannel with a general scientific background.

Thes guids also identifies for some technologies an EPA contact who is
famniliar with the operation and limitations associated with the technology. A
complete reference of knowledgeable individuals within and outside of EPA
is beyond the scope of this document.

In addition, for those technologies that have only one or a few
developsrs, the company name and contact for some of the "vendors”
have been included to assist the user in gathering additionatl information
about the technologies’ fimitations andfor applicability, availability, and cost.
Inclusion of a developer in this guide in no way impiies an EPA
endorsement of the technology or developer. Developers have been
included only o assist users in screening potenlially applicable tech-
nologies. Furthermore, a comprehensive listing of all vendars offering the
technologies discussed was beyond the scope of this document.

The principal information provided in this guide is contained in the
lechnology restriction tables. These tables assist in identifying waste, site,
and technology factars that should be considered in the evaluation or
implementation of treatment systems. Specifically, the tables identity the
data necessary for a more detailed evaluation of the technologies. Once
lhese dala are collected, the guide can be used to focus on potentially
applicable technologies warranting further evaluation. A more detailed
analysis of each potentially applicable treatment alternative identified by
this guide would include assessments of cosi, performance, and
environmental impacts and the availability of fulll-scale commercial units.
In particular, bench- and/or pilot-scale trealability siudies may be
required before the actual applicability and performance of many
lechnologies can be determined. This guide is not meant to be used for
such in-depth analyses; it is designed to provide a preliminary screening
of treatment allernatives and to identify data needs.

The initial step in using this guide is to determine whather the waste is a
soil or sludge and to ideniify the contaminants requiring trealment. This
information allows the user to place the waste into broad waste groups
using Table 1. Nexi, technologies with demonstraled or potential
effactiveness on the waste groups can be identified using Table 2 or 3.
Each technology can then be further evaluated and data needs identified by
referring 1o the technology description and the technology restriction table
that follows each descriplion. The effectiveness values shown in Tables 2
and 3 are bassed on the characteristics aflecting performance that are
described in the tschnology writsups. it is important to note that

modifications to technologies and/or pretreatment of the waste may .

preclude restrictions to the use of a treatment.

The pretreaiment tables (Tables 4 and 5) identify potential technigues to
make the wasie more amenable o treatment. Many wastes require
pretreatment prior to the use of a principal treatment method. It is important
to assess the potential for waste prefreatment befaore eliminaling a principal
technology from consideration. Finally, the residuals management table
(Table 6) outlines general oplions for handling potential treatment residuals.

When using Table 1 1o evaluale wastes that can be placed inlo two or
more groups (i.e., complex wasies), each waste group should initially be
treated separately to develop a list of potentiaily applicable treatment
technologies. The technojogy lists can then be compared to determine if
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{ . Ireatment train} may be required. Treatment train
development is discussed in further detail in Sections 2.5 and 3. As the
user obtains more information about waste characteristics, this guide can
be used to help further refine the list of potentially applicable technologies.
As stated earher, however, the guide is intended for use as a reference only
and does nol contain sufficient information to fully evaluate treatment

technologies. _ i ‘
The contents of this guide are organized into three sections and four

appendices as follows:

e Saction 2 describes how to use this guide by outlining the waste
characlerization process; describing the waslar‘teqhnology tables.and
explaining how the effectiveness of the technologies was d_atermmed:
discussing the content and utility of the technology restriciion tables;
summarizing the purpose and use of the pretreatment tables and
residuals management table; and presenting a step-by-step approach
for the proper use of this guide.

e Section 3 illustrates how to use the guide by working through a
technology screening for a hypothetical waste.

e Appendix A describes thermal trealment technologies and includes a list
of applicable referances.

e Appendix B describes chemical/physical treatment technologies and
includes a list of applicable references.

e Appendix C describes biologicat treatment technologies and includes a
list of applicable references.

For each lechnology a generic description is pre'ns_entad. followed by
examples and illustralions of systems provided by individual vendors. Note
that the illusirations are only examples; in most cases, many configurations
and add-ons are possible.

e Appendix D repeals several key tables for easy reference.

gne -tachnglog?can treat all the waste groups or whether a sequence of
(i.e.
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Section 2
Using This Guide

To use this guide to screen potentially applicable technologies, the user
must first determine whether the wasts of concern is a sludge or soil and
must identify the contaminantis that require treatment. The guide then
provides information that facilitates the selection of technologies that may
apply to the site and idenlifies the additional data required to further
evaluate these lechnologies. This approach allows the screening of
lachnologies early in the study of a site and the identification of data needs
that should be considered in the scoping of the site sampling plan and site
feasibility studies. For instance, the potential need for treatability studies
can be assessed.

The screening methodology for selecting potential technologies is shown
as Figure 1. Generally, the methodology involves:

o Identification of waste constituents {see Section 2.1);

o Selaction of effective or potentially effective iechnotogies from the
appropriate tables for the identified waste constitusnts (see Section 2.2);

e Generation of a list of all potential technologies for the entire waste;

e Reviow of the technology writeups 1o determine how well the technology
may be axpected to perform {see Saction 2.3 and the appendices);

e Determination of pretreatment and residuals management needs {see
Section 2.4); and

e |dentification of daia collection needs and requirements for treatment
tosting.

Simple examples of how to implement the methodology for single and
multiple wasles are provided at the end of this section.

2.1 Waste Characteristics

In order to conduct even a preliminary screen of technologies, wasles
must be categorized by certain fundamental characteristics. The two
principal waste characteristics used in this guide for initfal technology
screening are waste matrix and waste constituents. Once technologies have
been identified based on matrix and conslituents, further screening is
possible using other waste characteristics impacting technology
applicability and performance. These further waste aftributes are identified
in the tachnology surnmaries.

2.1.1 Waste Matrix

Moisture content appears to be a key factor in distinguishing how soils,
sludges, and liquids can be treated and handled. Thus, this guide uses
moisture content to determine whether the waste shouid be considersd a
soil or & sludge. It is recognized that many varying definitions can be used



Figura 1. Screening mathodology flowchart. ) 2 i
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fczr soifs ans) slydges, but for the purpose of this guide, sludges are defined
a pd?npabﬂe nidterials of both natural and man-made origin with a solids
content ranging from 10 to 85 percent. Wastes with a water content greater
than 80 percent are considered liquids. Furthermore, for the purpose of this
document, sails are naturally occursing earth materials, not meant to include
end-of-pipe manufacturing wastes. Generally, soils have a moisiure
content of 10 1o 20 percent or less. It should be noted that the EPA has
other definitions for these matrices derived for other purposes.

2.1.2 Waste Constituents

Chemical constituents are the second basis for characlerizing waste
treatabitity so thal technologies can be screened. Chemical constituents can
be grouped in general categories according to their chemical nature (8.9.,
organics and metals). Table 1 provides examples of wasie constituents
within a waste group. These waste groups provide the basis for selecting
potential weatment technologies. It is important to note, however, that
categorizing constituents by wasle group may oversimplify treatability
categories. For some technologies such as biodegradation, ireatability of
compounds within a waste group may differ substantially. In addition,
contaminated soits and sludges often contain more than one waste group;
to use the guide properly, all waste groups requiring treatment must be
identified.

2.1.3 Other Characteristics Impacting Technology Applicability

Other wasle characteristics and site factors can influence treatability.
Discussions of the impact of these factors on {reatability are contained in
the technology restriction tables provided in the appendices. Examples of
key wasle characteristics affecling treatability for soils treatment include:
grain size, organic content, pH, moisture content, soil/solvent reactions,
metals content, and the presence of various elements in the soil.

As an example, grain size affects most of the soil treatment
technologies. For soil washing and in situ soil flushing, homogeneous soil is
desirable because inconsistent Hushing generally occurs in soil with highly
variable grain size. Stabilization also can be affected by grain size. Silt and
clay, which contain grain sizes of less than 0.0625 mm, (<200 sisve mesh)
may coat large contaminants like a dust layer, thereby weakening bonds
formed during the stabilization process. Soils of low permeability (i.e., soils
of high silt or clay content) can cause reduced percolation and leaching
capabilities, as well as reduced solid/liquid separation in soil washing or
flushing.

Organic content is another important characteristic in the screening of
treatment technologies. Organic content can affect the performance of
cemeni-based stabilization by reducing the binding capacity of the fixative
and may cause premature structural degradation. Decomposilion of organic
material can also resuit in increased permeability of the final product in
stabifization/salidification processes. Excessive organic content can affect
soil washing and flushing as well, by inhibiting the desorption of
contaminants.

2.2 Waste/Technology Tables

This guide contains two waste/technology tables, Table 2 for soils and
Table 3 for sludges, designed to identify the effectiveness and/or potential
applicability of technologies to some or all compounds within specific waste
groups. The waste/technology tables assume that the user has
characlerized the waste by matrix, principal contaminants, and waste



Table 1

Examples of Constituents Within Waste Groups.
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Examples of Constituents Within Wasle Groups {continued).

Table 1
N A

HALOGENATED VOLATILES
Bromodichloromethane
Bromoform

Bromamethane

Carbon tetrachioride
Chlorodibromomethane
Chiorobenzene
Chloroethang

Chloroform
Chioromethane
Chioropropane
Dibromomethane

Cis, 1,3-dichloropropene

1, t-Dichioroethane
1,2-Dichioroethane
1,1-Dichloroethene
1,2-Dichioroethene
1.2-Dichioroproparne
Fluorotrichloromethane
Methylene chioride
1,1,2,2-tetrachlorcathane
Tetrachloroathene
1.1,1-Tnchioroethane
1,1,2-Trichlorosthane
1,2-Trans-dichioroethene
frans-1,3-dichioropropene
1.1,2-trichioro-1,2,2-triffucroethane
Trichloroethene

Yiny! chloride

Total chlorinated hydrocarbons
Haxachloroethang
Dichloromethane

HALOGENATED SEMIVOLATILES
2-chiorophencol
2,4-dichlorophenol
Hexachlorocyclopentadiane
p-chioro-m-crasol
Pentachlorophenot
Tetrachlorophenof
2,4,5-trichlorophenol
2,4,6-trichlorophanol
Bis-{2-chloroethoxy)methane
Bis(2-chloroethylJather
Bis{2-chioroisopropyljether
4-bromopheny! phenyl ether
4-chioroaniline
2-chloronapthalena
4-chlorophenyl phenylether
i,2-dichlorobenzene
1,3-dichiorobenzene
1,4-dichlorobenzene
3,3-dichiorobenzidine
Hexachlorobenzene
Hexachlorobutadiene
1,2,4-trichlorobenzene

HALOGENATED SEMIVOLATILES {cont)
Bis{2-chiorosthoxy)phthalate
Bis(2-chloroethoxyjather
1.2-bis{2-chloroethoxyjathane

NONHALOGENATED VOLATILES
Acetone

Acrolemn

Acrylonitrite

Benzene

2-butancne

Carbon disulfide
Cyciohexanone

Ethyl acelate

Ethyl ether

Ethyl benzense
2-hexanone
Isobutanol

Mathanol

Methy! isobuty! katone
4-methyl-2-pentanone
n-bulyl aicohol
Styrene

Toluene

Trimethyl benzene
Vinyl acelate

Xylenas

NONHALOGENATED SEMIVOLATILES
Benzoic acid

Cresols
2,4-dimethyiphenol
2,4-dinitrophenol
2-methylphenol
4-methylphenol
2-nitrophenol
4-nitrophenol

Phenol

Acenaphthene
Acenapthylene
Anthracene

Benzidine
Benzo{ajanthracena
Benzo(bMuoranthene
Benzo(kMiuoranthene
Benzofa)pyrene
Benzofghilperylene
Benzyl alcohal
Bis(2-athylhexyl)phthalate
Buty! benzy! phthalatae
Chrysene
Dibenza(a.hjanthracene
Dibenzoturan

Diethyl phthaiate
Dimethyl phthalate
Di-n-butyl phthalate
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-:.6-dinr‘tro-2-mem}fpheno!
2.4-dinitrotoluene
2,6-dinitrotoluene
Di-n-octyl phthalate
1.2-diphenylhydrazing
Fluoranthene

Fluorena
Indeno(1,2,3-cd)pyrene
Isophoraone
2-methyinapthalene
Napthalene
2-nitroaniline
J-nitroaniline
4-pitroanitine
Nitrobenzeng
n-mitrosodimethylamine
n-mitrosodi-n-propylamine
n-nitrosodiphenylamine
Phenanthrene

Pyrene

Pyridine
2-methynaphthaiene
Bis phthalate

Phenyl napthalene

PESTICIDES
Aldrin
Bhc-alpha
Bhe-beta
Bhc-delta
Bhec-gamma
Chlordane
4,4'-DDO
4,4'-DDE
+4,4"-00t
Dieldrin
Endosulfan |
Endosuifan il
Endosulfan sulfate
Endrin
Endrin aldehyde
Ethion
Ethyl parathion
Heptachior
Heptachlor epoxide
Malathion
Methylparathion
Parathion
Toxaphens

VOLATILE METALS
Arsenic
Bismuth

VOLATILE METALS (cont)
Lead

Mearcury

Tin

Selenium

OTHER CATEGORIES
Asbestos

INORGANIC CORROSIVES
Hydrochioric acid

Nitric acid

Hydrofluoric acid

Sulfuric acid

Sodium hydroxide
Calciurn hydroxide
Caicium carbonate
Potassium carbonate

FCBs

PCB (Arochlor)-1016

PCB (Arochlor)-1221

PCB (Arochlor)-1232

PCB (Arochior)-1242

PCB (Arochlor)-1248

PCB (Arochior)-1254

PCA (Arochlor)-1260

PCB NOS {not otherwise specified}

ORGANIC CORROSIVES
Acetic acid

Acetyl chioride

Anifine

Aromatic Sulfonic acids
Cresylic acid

Formic acid

NONMETALLIC TOXIC ELEMENTS
Fluoring
Bismuth

NONVOLATILE METALS
Aluminum
Antimony
Barium
Beryitium
Bismuth
Cadmium
Calcium
Chromium
Copper
Cabalt

ron
Magnesium
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Tabie 1 Examples of Constituents Within waste Grougs (canti@ed).!

NONVOLATILE METALS (comnt) ORGANIC CYANIDES
Manganese Crganonitrites
Nicke!
Potassium INOR_GAM‘C CYANIDES
Selenium Cyamcfe _
Sodium Metallic cyamqes A
Vanadium (e.g._, femcqude,
Zinc sodium gyanide)
RADIQACTIVES g;ﬁl:azg;s
Radioactive isotopes of Chromates

iodine, barium, uranium
Radium
Gamma radioactivily gﬁﬁggﬁns
Radon; alpha radioactivity Phosphides

Hydrazine

groups {Table 1). The waste groups are listed vertically down the lsft
margin, and the technologies are listed horizontally across the top of each
table.

The waste groups in the waste/technology tables are organized in a
manner that generally reflects similar treatability characteristics (e.g.,
volatility, biodegradability, heating value). Certain contaminants such as
PCBs and pesticides are presenied separatsly from other halogenated
organics for easy reference.

Some of the technologies included in this guide may be used primarily
for volume reduction, waste separation, or other pretreatment and may nat
completely treat or destroy the constituents of concern (e.g., chemical
extraction). They have been included because they represent a significant
step in the overall management of a wasle.

The following descriptors are used to charactarize the applicability of the
technologies to each waste group:

1. Demonstrated effectiveness - (Symbol @). The technology has been
used successfully on a commercial scale for trealing CERCLA wastss in
repeated applications (e.g.. rotary kiln incineration of most organics).

2. Potential efectiveness - (Symbol @). The technology appears to have
the basic characteristics needed for successful application but has not
been proven far specific CERCLA wastes on a commercial scale or on a
continuous basis. That is, successful lreatment technology tests of
(1) RCRA wastes or other CERCLA wasles on a commeicial scale or
(2) CERCLA wastes on a demonstration or piloi scale, indicate potential
effectivenass of the technology. In many cases the commerciai
tachnology will require further demonstration and development before it
is ready for use in site remediation. Effectiveness may depend on
specific waste or soil characteristics (e.g., sail flushing of organics
depands on soil permeability), or pretreatment may be required. The
potential for negalive impacts on the eavironment is uncertain and
should be evalualed on a case-by-case basis. A decision on feasibility
requires carefut consideration of waste-related limilations (i.e., waste
characterislics hat affect performance) ar mixture interferences and may

12
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K1 ;ablé 2 ;‘} !Waste Technology Matrix Soils.

Technology

BN
%

taa‘mssmwtwmw%ﬁ % _§
s § |5 cw 58
3€E2 %ol 8835538
gé%aE%EE—a a 885533
BEQg W R OGYG m:_ugzgéa.g
Seifdszizesazaiz
Contaminant B EEEE‘gSEgEGSEm;Ef
Organic Table f < < < S of O ad OO
Halogenaled volatiles [{Q] @OI@[C]@|Oj@ @] |@|®!@ ===
Halogenated semivolatiles Q.I.QQQOQOQOQ_QQIOQ_
Nonhalogenated voratiles [@| @]@@ @] @|O|@ @] Ol (===
Nonhalogenated semivolalilasO..QQOOOQOOQOOOQ
PCBs Q..QQQOQQQOOOOQO
PGSliCidBSO.QQOOQOOOOOOQQQ
Organic cyanides Q!QQQOQOOOOOOQOQ
Organic corrosives O.Q_QQ!OQ Q00D ]@l@]X]X
Inorganic
volatile metals [RIXX O XIO]Ol@ @O 08:0)): )):
Nonvolatite metals {O|O]OI0I@O1 O] @000
ASbBSlos_QOOQ!_Q_QOOOOO!!QOO
Radicactive malsrials OK_)_OOOO OI0I00I0I0| @@l X X
Inorganic corrosives [OIOIO|@] @ @@ @O[OIO 0% X
tnorganic cyanides | @| Q@[ @l@| @O = e eE =M
Reactive
Oxidizers [ O@| SiQ | @1 X OO0 XX
Reducers| Q@ @I@| @I X|@ OlOIOIDI@I@IX X

@ Demonstrated effecliveness
@ Potential effectiveness
(O No effecliveness

% Polential adverse impacis to
process or environment é

* Do not use this malrix table
alone. Please refer 1o the cited
appendices for guidance.
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Table 3 Waste Technol ix: . .
ogy Malrix: Siudges. Y 2 1 2 1A % YeqdirefDenegh- andior pilot-scale lesting. Indication of potential
offactiveness "of a technology to a waste group doss not signify

applicability to all chemical compounds within the waste group.

3. No effectiveness - {Symbol 0}. The lechnology is not expected td
remove or destoy the contaminant to a significant degree, but the
contaminant does not interfere with or adversely impact the process
{e.g., vacuum exlraction, used to remove volatile organics, neither treats

nor is affected by metals in the soil).

Technology B

N

Y 5
= T el c B
o @ o
S55E g EEFF
® = = o= ¥ . . - .
£ 5 E . B8 £ES 6 c T 4. Adverse_impacts - {Symboi X). The contaminant is likely to interfere
£ £ E 8 2 8 g 279 B % - g with or adversaly impact the environment or the safety, effectiveness, or
E: S5 8E _KE 8 ‘g‘ T 2o raliability of the treatment process (e.g., the adverse impact of high
B £E 50658 o8 5 = o B concentrations of available biotoxic metals on in situ biodegradation for
88 =L g S o FH 8 : &a soils). Note that such adverse impacts may only occur above some
284 .g g = 5 = 88 E = @’ 2 threshold concentration, and pretreatment may alleviale the adverse
EEEZAES = 50 5 <8 2 impact. Refer to the technology summaries and tables for the specific
- - - - nature of the adverse impact.
fd T hOE & hd & 27 j
oreante PR ii<<<<dama g @ O 8 ‘ 2.3F-cl)-l‘r:hirrliglotﬂz F'lc‘is'srt:;li?i::l::t'ilo-rl;mu:::ea;.)otemially applicable ireatment
Halogenated volati ! v !
Halo s . olat,les IOI. ! = OIG Q Ov|vie e e tachnologies on Tables 2 and 3, the user should refer to the appropriate
alogenated semivolatiles [0 |e| W@ OO ICIDIC [ @) technology restriction tables (provided in the appendices) to identify
Nonhalogenated volatiles |q .l. [alf=][a)=)g}(®) [ [aYfa) a) 5 potentially restrictive waste and/or matrix (i.e., soil or sludge) characteristics
Nonhalogenated semivolatiles Y= EE that can inlerfere with process feasibility and/or operation. To determine
w ._Q Q QQQ ) wheather these restrictive characteristics apply to the specitic waste to be
PCBs e E N EEEEE treated, additional data on the waste or soil may be required. These general
. : . - . / | o
Organl::i;i:j:: Ol:g g %gg 8—}% g ) =) % _Q g?(t)ii ggge;ﬁnt?]r; ;?J%lg;%:;\:zgs are given in the technology restriction tables
Oraani ) | ,WO @ Where available, data on restrictive characteristics have besn included in
rganic corrosives [ ||| @|@ QlQO @IOl@] X[ X the technology restiiction tables to assist the user in evalualing potential
Inorganic technologies. The data have been extracled from sources addressing the
Volatile metals I = technology generically and from sources, including vendors, that describe a
Nonvolatile metal X é XI00IXIOI00|® =) 9 XX specific treatment system. The data should be used only as a guideline or
s 10000 [g~i(e]elle] ] @@ XX estimale for applicability purposes; they are not transferable to every
Asbestos |O|O| O[O0 @1@(0[0]0|@OISICIO application and are not intended as a subslitute for case-specitic
Radiocactive materiais {(O) 'O_' e)(e][e) 5 O 6 e e i XX assessments by qualified professionals.
Inorganic corrosives [OO|OIO A preliminary screening of remedial alternatives, detailed
noraan: : - @|@|OIRI0|@|0] x| x ; characierization of the sile, and analysis of remedial allernatives are the
rganic cyanides |16 @@ @l@IOI@IO] @ @@ x| X f next steps in the site remediation process. This guide is designed to make
Reaactive = = : lhese steps mare efficient by focusing on potentially applicable
‘g I technologies and the dala collection requirements needed to evaluate them.
Oxidizers Q|| @O Q WX |@IO|@| @@ X]X This guide facilitates identification of each technology based on the
Reducers (=)[=(= @@ X[QI0e[@i@| XX characteristics of the site and waste. Consequently, this guide is not
= intended to replicate the sie and alternatives evaluation, but is intended

only to help identify those technologies worthy of further evaluation.

The technology reslriction tables can be used at several stages of the
remedial investigation or site-sampling process to support characterization
of lhe technical feasibility of a treatment method. However, this guide is
designed only to assist in screening alternative technologies and in
. identifying the data collection requirements needed to evaiuate technical
" Do not use this matrix table feasibility. The potential technologies thus identified must be further

alone. Please refer to the cited evaluated by using the references provided, contacting technology experts
appendicas for guidance. (including vendors), performing bench- and/or pilot-scale tesling as

necessary, and considering sile-specific circumstances on a case-by-
case basis. Treatability lesting may be required lo determine the

@ Demonstrated eflectivenass
& Potential effectiveness
O No effectiveness

¥ Potential adverse impacts to
pracass or environment
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applicability of some lechnologies. This is parlicularlyy irus, fog the
innovative, undemonsirated technologies (e.g., soil washin;? soik flushing™
and in situ bjodegradation) and the technologies whose effectiveness is
highly dependent on the characteristics of the waste (g.g., stabilization).

2.4 Pretrgatment and Residuals Management Tables

As discussad in previous sections, the technology restriction tables
identify characteristics of wastes and sites that may affect the feasibility of
using a technology. The effects of many of these potentially restrictive
characteristics can be eliminated or reduced through pretreatment of the
wasle. In many cases, wastes will require pretreatment before they can be
treated by any method. In addition, wasles normally will need to be
excayated andfor transporied to the freatment unit. Therefore, for the
purposes of this guidance, waste materials handling is included as part of
pretreatmaent. )

Pretreatment, materials handling, or processing requirements for a waste
are often not recognized until the advanced stages of pilot testing or
impiementation of a trealment system. This may cause significant delays
and escalate cosls while the waste or equipment is modified. For example,
vandors of soil-washing and mobile incineration systems often have cited
malerials handling and processing as the key problems at a site rather than
the technical perfarmance of the system.

This guide containg two pretreatment/materials handling tables: one for
sludges (Table 4) and one for soils (Table 5). These tables provide general
examplgs of how some common restrictive characteristics can be
prelreated. The tables also present some common materials handling
techniques. Yhenever possible, an attempt has been made to alert the user
to those restrictive characteristics identified in the technology restriction
tables that may possibly be handled through pretreatment by referencing
the apprapriate pretreatment/materials handling table.

These tables are not designed lo identify every possible
pretreatmant/materials handiing technique for each restrictive characteristic.
Instead, they arg designed to be used as a starting point and to convay to
the user that the presence of reslrictive characteristics should not
necessarily eliminate a technalogy from censideration.

As a final table to faciiitate seiection of petential treatment lechnologies,
Table 6 presents a listing of the probable residual streams produced by
ireatment. Ways of managing the residuals, such as stabilization of
incingrator ashes or biological treatment of leachates with trace quantilies of
organics, are also cited.
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r’@ Prc%lam? Solution Comments
Material Dragline Crane-operated excavator bucket {o dradge
transport and or scrape sludge from lagoons, ponds, or
excavation pits.
Backhaoe, Uselful for subsurface excavation or at the
axcavator original ground level.
Mucdcat Bulldozer or loader much like a crawler
capable of moving through studge.
Positive Pump that can handle high-density sludges
displacement  containing abrasives such as sand and
pump (8.g., gravel.
cement pump) u
Moyno pump Progressing cavily pump that can pump
high-viscosity sludges. ‘
Excessive Evaporator Excess water can be evaporated from

waler contenl

Filter press

Balt filter

Vacuum filter

Centrifuge
{solid bowl)

Drying
Gravity
thickening

Chemical
addition

studge. The Carver-Greentield process is a
potentially applicable technology. The sludge
is mixed with ail to form a slurry, and the
moisture is evaporated through a multiple-
affect evaporator.

Sludge is pumped into cavities formed by a
series of plates coveraed by a filter cloth. The
liquid seeps through the filter cloth, and the
sludge solids remain.

1
Sludge drops onto a perforatad balt, where
gravily drainage takes place. The {hickened
sludge is pressed balween a serigs of rollers
lo produce a dry cake.

Slucige is fed onto a rolating perforated drum
with an internal vacuum, which extracts liquid
phase.

Sludge feeds through a central pipe that
sprays it into a rotating bowl. Centrate
escapas out the large end of the bowl, and
the solids are removed from the tapered end
of the bowl by means of a screw conveyer.

Rotary drying, flash drying, sand bed.

Sturry entars thickener and settles inlo
circular tank. The sludge thickens and
compacts at the bottom of the tank, and the
sludge blanket remains to help further
conceantration.

Compounds may be added (o physically or
chemically bind water
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table 4

PretreatmentiMaterials Handling Table: Sludges (cantinued).

Y

Problem Solution Comments 7 e 3
Excegsive Sturry Addition of water or soivent;
sludge addition of dispersants.
viscosity
Extrama pH Neutralization ~ Lime, an alkaline material, Is widely used for
neutralizing acid wastes; sulfuric acid is used
to neuiralize atkaline wastas.
Oversized See Table 5 '
material. {Soils)
removal
disaggregation,
sorting
Table § Prafraatment/Matarials Handling Table: Soils.
Probiam Solution Commaents
Matarial Dragline Crane-aoperated excavator bucke! to dredge
transport and or scrape sail to depths and farther
excavation reaches..
Beckhoe Usaful for subsurface excavation or at the
original ground level.
Heavy Includes bulldozers, excavators, and dump
earthmoving trucks for excavation and transport.
equipment
Conveyer May be useful for large-volume transport ar
faed lo treatment unit,
Ovarsized Vibrating Vibrates for screening of fine particles from
material screen dry materials. There is a large capacity per
removal, area of screen, and high sfficiency. Can be
disaggregation, clogged by very wet malerial.
sorting

Static scresn

Grizzligs

Hammer mill

A wedge bar screen consists of paralfel bars
that are frame-mountad. A slurry flows down
through the feed Iniet and flows tangentially
down the surface of the screen. The curved
surfacaes of the screen and the velocily of the
slurry provide a centrifugal farce that
separates small parlicles.

Parallel bars that are frame-mounted at an
angle to promote materials flow and
separation. Grizzlies are used (o remove a
small amount of oversized material from
predominantly fine soil.

Used (o reduce particle size of softer
materials.
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Table 5 Pretreatment/Materials Handling Table: Soils (continued).
L e LY k]
r— — -
Problem Solution Commenis

Oversized impact Breaks up feed paricles by impact with |
material crusher rotating hammers or bars. Impact crushing
removal, works best with material that has several
disaggragation, planes of weakness, such as impurities or
sarting {cont.} cracks.

Shradder Reduces size of waste material. Shradders
are available (0 handle most materials,
including tiras, metal, scrap, wood, and
concrets.

Tumbiing mili  Reduces size of rack and other materials
using a ratating drum fitled with balls, rod,
lubes, or pebbles. 2

Cyclone Separatas different sized particles by
centrifugation and gravity.

Fugitive Dust Nalural (e.g., walar) or synthetic matarials that
emissions supprassant strengthen bonds betweaen soil pariicles.

Negative Vacuum system that may be used la collect

prassure air vapors andlor dust particles and pravent

system relsase into atmosphers.

Foam Applied to soil surface to control volatile
amissions and dust during excavation

Covered Temporary shelter with structurally or air a

shelter supported cover lo restrict emissions (o
enclosed volume.

Dewatering Belt filter Useful for dewatering of very wet 50ils
prass, {lagoon sediments, wetlands).

centrifuge

Rolating dryer

Additional drying may permit higher feed
rates for thermal treatment systems.
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Table § Residuals Management.
Technology PV
Residual  Gengraling Residual  Contaminants Potential Management
Treated Fluidizad bed Metais Stabilizationfsolidification,
solf or ash incineration, infrared vitrification
thermal reatment,
rotary Kin incinaration
Treated Low-tamperature Motals, Stabilizationisciidification,
soil tharmal stripping nonvolatile vitrification
organics
Aftarhurner Low-fempearature Volatile metals Stabilization/solidification,
ash thermal stripping vitrification
Solids Wet air oxidation Metal oxides, Mechanical dewalering,
(ash) insoluble salts stabilization/solidification
Glass Vitrification Nonvolatile Disposal
residue maetals at the
operating
temperature
Solids Chemical extraction  Matals, frace Stabilization{sofidification,
- basic exiractive organics vilrification
sludge treatment
Spent Low-temparafure Volatile organics  Incineration, thermal
activatad  thermal stripping, air regeneration, wet air
carbon poliution control oxidation, steam strip-
device, wastewatar ping with water treatment,
trealment biodegradation
Fly ash Elactrostatic precip-  Volatile metals Stabilization/solidification,
itator, baghouse, racycle to primary
cyclone tharmal unit, reuse of ash
Leachate  Biodegradation, Trace metals Chemical pracipitation
stabifization! Stabilization/solidification
solidification
Trace organics  Biclogical ireatment or
carbon adsorption,
photooxidation, chemical
oxidation
Aqueous Chemical extraction, Trace organics Biological treatment or
effiuent sail washing carbon adsorption

Wet air oxidation

Carboxylic acids
and other
carbonyl group
compounds; low
molecular weight
organics, such
as acelaldehyde,
aceione,
methanal

Biological freatment or
carbon adsorption,
photoaxidation, chemical
oxidation
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Technology
—:g Rfsidwal ~Generatng Residual  Contaminants Potential Managamant
- : B o )
Watar/ Glycolate Organics Distiliation followed by
reagant mix dechlorination incineration .
Water! Soif washingl Organics Distillation, carhon
flushing s0il flushing adsorption, biological
agent mix treatmant, chemical
oxidation, photochemical
oxidation o
Metals Chemical precipitation
Cyanides Chemical oxidation, wet
" --air oxidation, electrolytic
oxidation, photochemical
oxidation
Organic Solvent extraction Organics (non-  Recycle or reuse as fuel
affluent PCBs) .
Organics mixed  Incinaration
with PCBs
Scrubbar  Incineration Caustic, high Neutralization, chemical
water (fluidized bed chioride content, precipitation, reverse
incineralion, rotary volatile metals, osmaosis, seftfing ponds,
kiln incineration, organics, metal  evaporation ponds,
vitrification unit, particulates, and  filtration, and gas phase
infrared thermal inorganic incineration of organics,
treatment), off-gas particulates chemical oxidation,
collection and photochemicel oxlidation
treatment
Off-gas In situ vitrification Trace lavels of Gas scrubber, activated

Stabilization!
solidification

Wet air oxidation

cormbustion
products, volatile
metals, andfor
volalile organics

Ammonis,
volatile organics

Low molecular
weight
compounds,
such as
acetaldehyde,
acelone, acelic
acid, mathanol

carbon adsorption

Gas scrubber,
carbon adsarption

Gas scrubber, carbon
adsorption, fume
incineration, hiological
treatment
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2.5 Examples for Using This Guide 3 2 |

Provided below are two examples that illustrate how to use ‘this guide.
The first exampls is for soils or sludges containing a single waste group {as
defined in Table 1); the second example illustrates the use of the guide for
soils and sludges containing multiple wasle groups.

2.5.1 Example for a Single Waste Group

The steps involved in using this guide for contaminated soils or sludges
contgining a single waste group are as follows:

1. Perform preliminary waste characterization.

sldentify the waste matrix (soil or sludge).

eidentify contaminants of concern.

oClassify contaminants into waste groups using Table 1; if waste
contains more than one waste group, use procedure given in Section
252

2. Gonsult appropriate wasle/technology table (Tables 2 and 3).
sGenerats a list of potential technologies.

3. Evaluate lechnology restriction tables, technology descriptions, and
pretreatment/malerials handling tables for Identified technologies.

*Refine list of potential technologiss.
o ldentify data collection requirements.

4. Contact EPA experls andfor vendors for further information (if
necessary).

5. Finalize list of potential technologies and data collection requirements
needed for further evaluation.

As quilined above, the initial waste characlerizalion step identifies the
waste matrix and wasie group {contaminant). The user should then consult
the appropriate waste/ftechnology table, Table 2 for soils or Table 3 for
sludges. The next stap is to find the contaminant or waste group in the left
margin, read across the table, and list those technologies identified as
having a demonstrated or potential effectiveness. Next, the technology
restriction fable for each potential technology should be evaluated to
identify possible restriclive waste characteristics, process limitations, and
data collection raquirements needed for further evaluation. A number of
technology restriction tables direct the user to the pretrealment/materials
handling tables, Table 4 for siudges and Table & for soils. These tables
contain common materiais handling, processing, and pretreatment oplions
that may eliminate or reduce restrictive waste characteristics.

2.5.2 Example for Multiple Waste Groups

The steps invoived in using this guide for contaminated soils or sludges
containing multiple waste groups are as follows:

1. Perform wasle characterization.

sidentify waste matrix {soil or sludge).
e ldeniify contaminants of concern.
#Classify contaminants into wasle groups using Tabls 1.
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2. Consult appropriale wastertechnology table {(Table 2 or 3) for each waste

o ) 4

eGenerate a list of potential technologies for each waste group.

3. Evaluate technology restriction tables, technology descriptions, and
pretreatment/materials handling tables for each potential technology and
waste group.

eldentify technelogies (if any} that alone are capable of treating all waste
groups identitied.

¢Desvelop potential treatment trains.

eidentify data collection requirements.

4. Contact EPA experts andfor vendors for further information (if
Aecessary).

5. Finalize list of lechnologies capable of treating all waste groups
identified, list of potential treatment trains, and data collection
requirements needed for further evaluation. :

As shown abova, this guide can also be used to evaluate the treatability
of waste soils or sludges containing more than one type of contaminant or
waste group. When evaluating wastes with muitiple waste groups, the first
step is to evaluate each waste group independently, as described above.

The next step is to compare the list of technologies identified for the
waste groups. The ideal solution would be to find one or more technolegies
that have effectiveness (demonstraied or potential} on all of the waste
groups of concern. |f such a technology can be identified, its technology
restriction table should be carefully evaluated against each waste group for
possible restrictive characteristics and data collection requiremants.

I a single technology with demonstrated or potential effectiveness
cannot be identified, combinations of technologies or treatment trains that
can successfully treat the waste should be identified. A treatment train is
composed of two or more technologies used in series. Each technology is
included 1o remove or destroy a certain waste group or coptaminant;
therefore, each technology needs to be effective only on its target waste
group. Technologies may be effective on one wasle group but are
adversely impacted by another present in the wasle. These lechnologies
can be used as part of a treatment train provided the interfering waste
group is treated prior to being processed by the technology. Each
technoiogy restriction table should, therefore, be thoroughly evaluated
against each waste group to identify contaminams that must be treated
prior to application of particular technologies. This step allows the user to
develop the order of the lachnologies within a potential treatment train,

By reviewing the waste/technology tables, technology restriction tables,
and pretrealment tables, the user will e able to identify possible treatment
trains, the restrictive waste charactaristics that can affect the trains, the data
collection requirements nscessary to identify potential problems, and the
pretreatment needed to rescive various waste-handling problems. This
information, along with the referenced documentation and EPA and vendor
contacts, will make it possible for the user to initiale advanced planning for
in-depth engineering studies and/or bench-scale testing of potential
treatment technologies.
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Section 3
Application of this Guide to a Hypothetical Waste

This section ilustrates the use of this guide by describing, step-by-
step, a technology screening for a hypothetical waste. (See Figure 2.} The
firsi step is to perform a preliminary waste characterization as described in
Section 2.1. The wasle characterization step involves identifying the
physical/chemical form or matrix of the wasie (i.e., soil or sludge) and
contaminants {usually based on existing data). For this example, the waste
characterized is a soil contaminated with trichloresthylene (TCE} and lead.
These constituents were chosan for this example because they represent
commonly occurring waste groups. .

The two wasle groups are initially screened separately. On Table 1
(Waste Group Examples), TCE is classified as a halogenated volatile
organic and lead is classified as a volatile metal.

Table 2 identifies the following technologies as having demonstrated
effecliveness or potential effectiveness on soils contaminated with
halogenated votatiles such as TCE:

Rotary kiln incineration (demonstrated),
Fluidized bed incineration;

Infrared thermal treatment;
Vitrification;

Soil washing;

Glycolate dechlorination;

Low temperature thermal stripping;
Chemical exiraction;

in situ vacuum and steam extraction;
In situ vitrification;

In situ soil flushing; and

tn situ biodegradation.

According to Table 2, three technologies have demonstrated
sifectivensss or potential eflectivenass on soils contaminated with volatile
metals such as lead:

e Stabilization/solidification (demonstrated),
¢ Soil washing; and
& In situ vitrification.

Comparison of the two lisls reveals two technologies that could
potentially treat both waste groups in a single step. Soil washing and in situ
vitrification are potentiaily effective on both wasts groups.

The next step is to consult the technology summaries for both
technologies to determine restrictive waste characteristics. ‘

Soil Washing {Table B.3-1) - The table indicates that the formulation
of a suitable washing fluid is difficult for wasles containing mixtures of
organics (i.e.. TCE)} and metals (i.e., lead). The effectiveness of the
technology also appears highly dependent on the characteristics of the soil.
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Figure 2.
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This technglogy.may not be suitable for this waste; if the lead concentration
is such tha ex(énsive quantities of washing fiuid would be required or if the
soil consists of a high percentage of clay, then the soil’/metal complex may
be difficult to manage eifectively.

in Situ Vitritication (Table B.10-1) - The table indicates that the
capacity of the off-gas trealment system to process combustion gas limits
the conceniration of combustible liquids and solids that can be treated by
the melt during an established period of time. The allowable concentration
is also depth related. Mapping the site and bench-scale testing are vital to
determine the technology's feasibility at a particular site. Lead is not
identified as a restrictive charactsristic. The lechnology summary indicates
that the TCE will be destroyed while the lead is solidified in the resulting
glass-like mass.

From the review of the technology restriction tables, in situ vitrification
shows promise as a single technology that can effectively treat soil
contaminated with both TCE and lead. Extensive site mapping and
feasibility testing are required to dstermine i in situ vitrification can be
implemented at the particular site. The technology description indicates that
an off-gas will be generaled by the process, requiring off-gas collection
with a hood and treatment. The residuals management table (Tabie 6)
indicates that the off-gas will contain combustion preducts, traces of TCE
(from volatilization, during startup, of organics that are [ocated close to the
surface), and traces of volatile metals (including lead) that may be present
on-site. A gas scrubber is necessary to treat the off-gas, as
recommended by the table.

The treatment of wasles containing organics and metals would be more
difficult with soil washing than with in silu vitrification. However, in situ
vitrification is not demonstrated al commercial scale on CERCLA waste.
Furthermore, no commercial, full-scale uniis are available at this time.

Since the feasibility of in situ vitrification is site specific and therefore
may not apply to the site in question and since soil washing will not likely
treat the contaminated soil effectively, the next step is to idenlify and
evaluate each possible multistep trealment process or treatment train.
Obviously, there are many possibilities to cover; only a few possible
treatment trains will be investigated here to illustrate the screening process.

Ltow Temperature Thermal Stripping Followed by Stabilization/
Solidification - One possible TCE-lead treatment train is low temperature
thermal stripping of TCE foltowed by stabilization/solidification of the lead
compounds. Table 2 indicates that low temperature thermal stripping is
potentially effective on TCE but has little effect on lead. In addition, Table
B.6-1, the tschnology restriction table for low temperature thermal
stripping, indicates that the technology is not effeclive on metals. This
restrictive characteristic would preclude the use of this technology for
removing both contaminants; however, the low temperature thermat
stripping segment of the train is included only for TCE removal. No
restrictive characteristics are listed in Table B.6-1 for volatile organics
(TCE), although the technology's effectiveness appears highly dependent
on soil characteristics. Therefore, further evaluation of this technology
should concentrate on defining site-specific soil characteristics. Table 6
presents potential management options for spent carbon adsorption units
that may be used in the process fo remove the volatile organics from the
off-gas. Thermal regeneration, incineration, and wet air oxidation are
options that must be considerad as part of the treatment train for treating
the spent carbon.
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The second segment of the treatment train would involve stabilization/

soliditication of the lead. The majority {if not ali) of the volatile, organic, CE‘}
pgatu thermal =

in this axample, would have been removed by the low tem
treatment step of the treatment train. Furthermore, this segment of the
treatment train is targeted only at lead trealment; therefore, its eHectiveness
on TCE is not important if the low temperature thermal stripping has
effectively remaoved the TCE. If the TCE has not been effactively treated in
the thermal treatment step, however, it could interfere with the
stabilization/solidification process.

Based upon the information contained in this guide, a low temperature
thermal treatment/stabilization treatment train would appear to be potentially
feasible and warrant further investigation as part of an engineering study.

Chemical Extraction Folfowed by Stabilizalion/Solidification - Another
possible TCE-lead treatment train is chemical extraction to exiract the
TCE, followed by stabilization/solidification of the lead-containing solid
residue. Table 2 shows that chemical extraction is potentially effective on
TCE but has no effgct on lead. The presence of elevated levels of volatiles,
such as TCE, is identifiad under Table B.1-1 as impacting the extraction
process. Howaver, Table B.1-1 further explains that an additional
separation step, such as dislillation, will remove the volatiles from the
pracess solvent, thus eliminating any problems. The {echnology description
{8.1) explains that lead, insolubilized by a standard neutralization/
precipitation pratreaiment step, will remain with the solids following the
chemical extraction step.

Upon examination of Table B.1-1, listed technology restrictions that
affect the process can be addressed by using prelreatmaent methods such
as pulverizing to reduce paricle size, slurrying to allow the scil to be
pumped, adjusting pH. and selecling the appropriate solvenl-to-waste
ratio. Therefore, further evaluation of this technology should concentrata on
defining site-specific soll characteristics to determine the necessary
prelreatment sleps. Also, prefreatment methods or malerials handling
procedures may cause fugitive ernissions of TCE and must be controlled.

The second segment of the treatment train would involve stabilization/
solidification of the lead. As explained above, although TCE is not
effgctively immobilized by the process, it will already have been removed
by chemical extraction. if exiraction has not effectively removed the TCE,
however, it could interferg with the stabilization/salidification process. The
lead should be effactively immobilized by the stabilization step.

The TCE residue extracted from the soit may potentialiy be reused as a
fuel or in sore other process if analysis shows the organic stream to be of
sufficignt purity and quantity. The potentially feasible chemical
extraclion/stabilization treatment train may be an atiractive option
warranting further investigation because of its ability to produce a reusable
grganic stream.

Rotary Kiln Incineration Followed by Stabilization/Solidification - Rotary
kiln incineralion followed by stabilization/solidification of the resulting ash
and/or treatment of scrubber water is another possible lreatment train.
Table 2 indicates that rotary kiln incineration has been demonstrated on
soils contaminated with halogenated volatiles, such as TCE. Table A.2-1
does noi menlion lead as aflecting the rotary kiln trealment process;
howevar, lead air gmissions may restrict the use of incineration. The
presence of restriclive characteristics identified in Table A.2-1 must be
established by determining site-specific soil characteristics to further
evaluate fhe uselulness of this technalogy at a particular site.

28

The treated soil or residual ash will no longer contain TCE but will still
containfeath The residual ash will nesd to be treated in the
stabilization/sblidification stage of the treatment train. Considerations for
stabilization/solidification were discussed in the previous examples.

The need for residuals management for this treatment train is identified
in both the technology restriction tables and Table 6. The rotary kiln will
generate a scrubber water from its off-gas cleaning process that will be a
caustic, high chioride content waste. Since volatile metals are in the influent
to the kiln, they may appear in the scrubber water and in air emissions if
the scrubber is not sufficiently effective. The residuals management table
indicates the need for neutralization (and possibly precipitation if some lead
is carried over in the off-gas and ccllected in the scrubber} before the
scrubber waler can be discharged. A rotary kiln/stabilization treatment train
with appropriate residuals management would appear to be potentially
feasible and warrant further investigation as part of an engineering study.
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Appendix A
Thermal Treatment Technologles

Introduction

Thermal treatment is a term associated with the use of high
temperatures as the principal means of destroying or detoxifying hazardous
wastes. There are several thermal processing methads; some are well-
developed and proven, and others are in the development stage. The
thermal processing modes described herein are:

Fluidized bed incineration for soils and sludges;
Rotary kiln incineration for soils and sludges;
infrared thermal treatment for solls and sludges;
Wet air oxidation treatment for sludges;
Pyrolytic incineration far soils and sludges; and
Vitrification for soils and sludges.

More specific information on the applications of each thermal process is
given in the sections that follow. Low temperature thermal volatitization (i.e.,
stripping) is discussed under physical/chemical treatment in Section B.8.

The advantages of thermal treatment include:

¢ Volume reduction;

e Detoxification;

& Energy recovery; and

¢ Materials recovery.

Thermal treatment offers essentially complete destruction of the original
organic waste. The destruction and removal efficiency (DRE) achieved for
waste sireams incinerated in properly operated thermal processes often
exceeds the 99.99 percent requirement for hazardous wastes. Hydrogen
chioride {HCI) emissions are also easily controfled. Furthermore, available
air pollution control technologies can effectively address the potential for
particulate emissions. This appendix contains information on individuat
thermal treatment technologies. Table A-1 summarizes waste
characteristics that impact thermal treatment technologies in general. For
each specific thermal technology, a technology description is provided,
followed by an illustration of the process and a technology restriction table.
Each technology restriction table includes a listing of the characterislics
impacting the feasibility of the process, reasons for restriction, data
collection requirements, and references. The numbers in the “Reference”
column are cosrelated with the list of references included at the end of this
appendix.
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Tabile A-1

Tachnology Summary.

Wasta Type:  Soils and Siudges

Technology: High-Yemperature Tharmal Treatment - General*

7 2

Characleristics
Impacting Process
Feasibilily

Reason for Patential Impact

Data
Collection
Raquirernents

Ref.

High moisture
content

Elevated lavels of
halogenated
organic
compounds

Prasence of
PCBs, dioxing

Presence of
metals

Elavated fevels of
organic
phasphorus
compounds

Maisture content affacts handiing
and feading and has major impact
on process energy requirament.

Halogens form HCI, HBr, or HF
when thermally treated; acid gasas
may aftack refractory material
andfor impact air emissions.

PCBs and dioxins are required {0
be incinerated at higher
temperaluras and long residence
times. Tharmal systams may require
special permits for incineration of
these wastes.

Metals (either pura or as oxides,
hydroxides, or salts) that volatlize
below 2,000°F (e.g., As, Hg. Pb,
Sn,) may vaporize during
incineration. These emissions are
difficult to remove using
convenlional air pollution contro!
equipment. Furtharmore, alements
cannof he broken down (o
nonhazardous substances by any
treatmant method. Therefors,
thermal treatment is not useful for
50ils with heavy melals as the
primary contarinant. Additionaily,
&n element such as trivalent
chromium (Cr*3) can ba oxidized
o a more toxic valsnce state,
hexavalent chromium (Cr+8), in
combustion systems with oxidizing
almospheras.

During combustion processes,
organic phosphorus compounds
may form phosphoric acid
anhydride (P;Qg), which contributes
to refractory attack and slagging
probiems.

Analysis for
percent
moisture

Quantitative
analysis for
organic Cl,
Br.and F

Analysis for
priority
poliutant

Analysis for
heavy metals

Analysis for
phosphorus

23,4

2,3

2,3,4
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* Applicable to fluidized bed, infrared, rotary kiln, wet air oxidation, and

pyrolytic as well as vitrification processes.
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A.1 Fluidized Bed Incineration
Tachablogy Descrtptlon

Flunduzed bed incinerators are used to incinerate halogenated and
nonhalogenated solids, sludges, slurries, and liquids in a controlted
atmosphere with surplus oxygen levels. These systems are alsp used to
destroy PCBs and phenolic wastes and to thermally decontaminate sqils.

The .fluidized bed incinerator consists of a refractory-lined vessel
containing a bed of inert, granular, sand-like material (sized crushed
refactory). Solids, studges, and liquids can be injected directly into the hed
or at its surface. If contaminated soil is being processed, the soil mass acts
as the bed material. In one design (Waste-Tech) the decontaminated sojls
and heavy noncombustible inert material are continually withdrawn from the
bottom of the vessel. In operation, combustion air is forced upward through
the bed, which fluidizes the material at a minimum critical velocity. The
heating value of the wastes plus minimal auxiliary fuel maintains a desired
combustion temperature in the vessel. The heat of combustion is
transferred back into the bed, and the agitated mixture of waste, fuel, and
hot bed material in the presence of fluidizing air provides a combustion
environment that resists fluctuations in temperature and retention ttma due
to moisture, ash, or Btu content of the waste.

A sacondary reaction chamber is employed to permit adaquate retention
time {2 seconds plus) for combustion of volatiles. Combusticn gases are
drawn out of the end of the secondary reaction chamber and treated for
removal of acid gas and particulate constituents. Process residuals are
decontaminated ash, treated combustion gases, and possibly wet scrubber
water.

Fluidized beds can be operated at lower temperatures than other
incinerators because of the high mixing energies aiding the combustion
pracess. This mixing offers the highest thermal efficiency while minimizing
auxiliary fuel requirements and volatile metals emissions. Fluidized bed
systems may make use of in-bed limestone addition for acid gas capture,
which removes the requirement for wet scrubbers and blowdown water
treatment.

A variation of fluidized bed incinerator, the GCirculating Bed Combustor
{CBC), uses higher air velocity and circulating solfids to create a larger and
highly turbulent combustion zone for the efficient destruction of toxic
chemicals and the retention of resuitant acid vapors. Solids, liquids, or
sludges are burned along the height of the combustion section. Dry
limestone, added to the feed, reacts in the combustion zone and captures
acid gases without using wet scrubbers. The high turbulence, staged
combustion, and long residence time in circulating bed combustors allow
incineration of the waste at lower ternperatures (1500-18600°F), thus
eliminating ash agglomeration and reducing nitrous oxide {NO,} emissions.
The entrained solids are separated from off-gases by an integral cyclone
and recycled to the combustor through a nonmechanical seal. The tlue
gases are coolad in an off-gas cooler by the heating of water, steam, or
combustion air. Any remaining padiculates in the cooled off-gas are
saparated in a baghouse filter, and the clean off-gas stream is vented to
the almosphere.

Status: This technology is used widsly in the U.S. paper industry and on
wastes throughout Europe. A full-scale fluidized bed system has
successiully completed its Part B Permit trial burn on RCRA and other toxic
wastes. Ogden Environmental Services has constructed at least one
commercial, mobile unit, and others are planned.
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Figure A.3-1 is a diagram of the fluidized bed incineration process,
Figure A.1-2 is a diagram of a circulating bed combustor, and) Tatls Afi- o
1 i5 a technology restriction table. i

EPA Confacts: 1
Donald Oberacker, (513) 569-7341, FTS 684-7341
U.S. Environmental Protection Agency
Risk Reduction Engineering Laboratory
Cincinnati, OH 46268

Joseph McSorley, (919) 541-2920, FTS 629-2920
U.S. Environmental Protection Agency

Air and Energy Engineering Research Laboratory
Research Triangle Park, NG 277114

Vendors:

Harold Diot, (619) 455-2383

Ogdan Environmental Services, Inc, (CBC)
10955 John Jay Hopkins Dr.

San Diego, CA 92121
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Wayne L. Shipman, P.E., (303) 278-9712
Waste-Tech Services, Inc.
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Source: Figure 2.2, EPA/540/2-86/003(1)
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Figure A.1-2 Circulaling bed cambustor.
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Source: Ogden Environmaeantal Services
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Table A.1-1
bAg

l’eschnology Summary.

Waste Type: Solls and Sludges
Technology: Fluidized Bed Incineration*

Characteristics Data

Impacling Process Collection -

Feasibility Reason for Patential Impact Requirements Ref.

Fead particle size  Large particle size affects feeding  Size, form. 1.2,3,
and removal of solids from the bed. quantity of s, 4
Sofids greater than 1 inch (2.5 cm)  solid majerial, |
must be reduced in size by size reduction
shredding, crushing, or grinding. engineering
(Note: Waste-Tech fiuid bed data; soil )
systems can handle up to 3-in particle size '
feed.) Fine particles (clays, sills} distribution;
result in high particulate loading in ~ USGS soil
fiue gases. classification

Low-melting Defiudization of the bed may occur  Ash fusion 2,4

pomt (less then at high temperatures when particles temperalure

1600°F) begin to melt and become sticky. -
constituents, Melting point reduction (eutectics)

particularly alkali  may also occur. Alhali metal salts

metal salts and greatar than 5% (dry weight) and

halogens {e.g., Na, halogen greater than 8% (dry w4

Cl compounds) weight) contribute to such
refractory attack, defiuidization, and
slagging problems.

Ash content Ash contents greatar than 64% can  Ash content 4
foul the bed. (Note: Waste-Tech's
continucus bed letdown, screening,
and reinjection minimize this type of
problem.}

Waste densily As waste densily increases Waste-hed 4
significantly, particle size must ba density .
decreased for intimate mixing and  comparisap
heat transfer to occur. . o

Presence of These wasles require the addition  Anelysis for , 4

chiorinated or of sorbenis such as lime or sodium  priority

sulfonated wastes carbonate info the bed to absorb pollutants

acidic gases or the addition of &
flue gas scrubbing system as part
of the treatment train.

* See also Table A-1, High-Temparature Thermal Treatment (Genegral),
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A.2 Rotary Kiin Incineration

Technology Description 92 2 1 2 4 5334141 5

Rotary kiln incinerators are slightly inclined, refractory-lined cylinders.
Their primary use is the combustion of organic solids and sludges,
including SARA, RCRA, and other contaminated wastes. Rofary kiln
inciperation involyes the controlled combustion of organic wastes under net
oxidizing conditions (i.e., the final oxygen concentration is significantly
greater than zero).

Stack

Brine
Soiution
Concentrator

Concentrated
Brine Solution

Particulate
Scrubber

Ash

Wasles and auxiliary fuel are injected into the high end of the kiln and - £
passed through the cambustion zone as the kiln slowly rotates. Rotation of 2 3
the combustion chamber creates turbuience and improves the degree of w3 g
burnout of the solids. Retention time can vary from saveral minutes o an 8 a %
hour or more. Wastes are substantially oxidized to gases and inert ash s 4 @
within this zone. Ash is removed at the lower end of the kiln. Flue gases are B o 5
passed through a secondary combustion chamber and then through air EE § g
pollution contral units for particulate and acid gas remaval. g8 p K]
Although organic solids combustion is the primary use of rotary kiln w8 2 g E
incinerators, liquid and gaseous organic wastes can also be handled by 2 a9 3 g 2
injection into either the feed end of the kiln or the secondary combustion s £ 3 g
chamber. Wasles having high inorganic salt captent (g.g9., sodium sulfats) S ”3 3
are not recommended for incineration in this manner because of the L
potential for degradation of the refractory and slagging of the ash. Similarly, “
the combustion of wastes with high toxic metal content can resuli in . T o
elevated emissions of toxic air pollutants, which are difficult to collect with = 85
conventional air paflution control equipment. 2 g = g
Residuals generated from this process are (1) ash from the low end of 5 2@
the kiln and in some cases from air pollution control devices such as | 1 ] @
hydrocyclonss, {2) stack gases, and (3) brine solution from the ash quench 1 e
and wet scrubber. More information on residuals management is included in 5 rs
Table 6. - 34 5
Status: Rotary kiln incinerators, both fixed and mobile, are widely g2 55
available commercially from many vendors and are in broad use for most o &S g:g

hazardous waste applications, including RCRA, CERCLA, and other toxic
substances.
Figure A.2-1 lllustrates rotary kiln incineration, and Table A.2-1 is a

technolo tricti bl é‘g 25
echnology restriction lable. _ S 35/4‘“’ 5
EPA Contact: § : 5 z
Frank Freestone, (201) 321-6632, FTS 340-6639 3 - g >
U.S. Environmental Protection Agency $ € g 3
Risk Reduction Engineering Laboratory k] ¥ o
Edison, NJ 08837 g z ]
5 ] &
Vendor: 2 c|e8
No specific names of vendors are listed here i ; . 3 < %
becauss the technology is widely availabie. ! 3 g—=1 32
e ) 2 @ T
B b | | Ll
g
t “-: -] o 3 -
: N 3 B <
s < w 3 A
1 - o
3 [ =
| 3 %
W,

Source: ENSCO Environmental Services



Table A2-1  Tachnalogy Summary. , m . =3 Infrared Thermal Treatment
¥ ' h
l;hm Type  Solls and Sludges 7 2 | £ 2 "-=Tec3mc‘n’ogy Description o
echnolegy: Rotary Klln Inclngration® | Infrared thermal units use silicon carbide elements to generate thermal
— I radiation beyond the red end of the visible spectrum. Materials lo be
mc"%“?"‘ep”s"cs Data ; treated pass through the unit on a belt and are exposed to the radiation.
paF""gib”'fcess R ; . Collection | Off-gases pass into a secondary chamber for further infrared irradiation
Rasibilily sason for Potential Impact  Requirements  Ref. and increased retention time. Flus gases are treated based on feed
Oversized debris  Difficult to handle and feed: may Size, form, 2.3.4 constituents and are emitted, as are ash and any scrubber effluents. ..
such as large cause refractory loss through quantity of The infrared thermal treatment unit originally developed by Shirco
rocks, tree rools,  abrasion. Size reduction equipment  oversized Infrared Systems has a feed system and an infrared primary chamber with
and stegl drums  uch as shredders must be daobris. Size a continuous waste conveyor. From the primary chamber, combustion
provided to reduce solid particle reduction products flow into a secondary chamber, which can be either a combination
siza. engineering gas-firedfinfrared unit or a conventional secondary chamber. Flue gas
data treatment is accomplished by any conventional off-gas cleanup system.
Volatile metals May result in high metals Soil and Infrared energy, or thermal radiation of wavelengths outside the visible light
(Hg, P, Cd, Zn, concenlration in fiue gas, thus stack gas spectrum at the red end, is generated by silicon carbide resistance heating
Ag, §n) requiring further treatment. analysis for slements. The significant difference between an infrared unit and a rotary
subject kiln is that the primary units (i.e., kiln or infrared) differs; the other parts of
metals the systems are similar. f
. The primary process variables in the infrared system are temperature,
;-;k;{é ﬂg:f; sals, ggté;?nfgega;g)’;y‘ :;ac;!; :rzfes ParcentNa, K 2.4 residence time, waste material layer thickness on the conveyor belt, zgmd
sodium and Slagging can impedg solids combustion air flow. In the incineration moda_, nominal operating
potassium sultate  removal from the kiln. ‘ temperatures are 1400°F and 1600°F in the primary and secondary
{NaSO KSO,4) chambers, respectively. In the pyrolysis mode, temperatures can be as low
; as BOO°F. Optimum material thickness is 2 inches for throughput.
Fine particle size  Resulls in high particufate loading  Soil particle 1.4 ‘ Temperature and residence time are inversely related; residence times can
of soil fegds such in flue gases due fo the turbulence  size vary from 5 lo 50 minutes. Combustion air flow rate is adjusted to control
&s clay, silts in the rotary kiln. distribution, cambustion afficiency.
USGS™ soil The residuals from this process, like those of other thermal treatment
classification ! processes, are ash, scrubber water, and ofi-gases. The gases are
Spherical or Such wastes may roll through the Physical 4 l scrubbed to remove acid components and particulates. Table 6 contains
cylindrical wastes  Kiln before complete combustion inspaciion of further information on residuals management. T
can oceur. ihe waste Status: This technology has been used recently for the treatment of
, ) CERCLA wastss containing hatogenated and nonhalogenated organics,
Ash fusion Operation of the kiln at or near the  Ash fusion 4 including PCBs.
‘:ﬂ";‘r’g’a‘”"e of ‘g:géeeanfg’gﬁg%’; é?’g%%i::ﬁaﬁﬂof temperature Figure A.3-1 illustrates infrared thermal treatment, and Table A.3-1 is
inorgenic salls. a technology restriction table.
Heating valug of  Auxiliary fuel is normally required to  Btu content 5 ﬁgﬁa%%iﬁt' {513) 569-7691, FTS 684-7691
waste ln?mer?ff wag:es with a heating u.s. Environrﬁental Protection ]ﬂ\gency
valuo of less than 8,000 Bu. : Risk Reduction Enginesring Laboratory
Cincinnati, OH 45268
_: ge ?Jsbo’ Tag!e g; High Temperature Thermal Treatment {(General). Vendors:
a & nd 5. ’
™= USs. G::ofosgic:! Survey. Scott Berdine, (214) 404-7540
Ecova Corporalion
Park Central iX
12790 Merit Drive
Dallas, TX 75251
(Ecova Corporation has acquired a license to use the Shirco technology}
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Table A3-1

Technology Summary.

Waste Type:  Solis and Sludges

Technology: Infrared Thermali Treatment
Characteristics
: Data
{mpacting Pracess Collection
Feasibility Reason for Potential Impact Raquirements Ref
Nonhomogeneous  Nonuniform feed size requires Size. form, 3
feed size pretreatment before feeding and quantity of
Gonveyance M(ough the system. sofid material;
The largest salid particle size sizg reduction
pracessiblg is 1 fo 2 inches. Debris  enginasring
§uch as rocks, roots, and data
comtaingrs must be crushed or
shredded 1o allow for feeding.~
Moisture content  Since waste material is conveyed Moisture 3
through the systam on a metal analysis

conyeyor pelt, soils and sludges
must be firm enough (usually
>22% golidls) to allow for proper
conyeyance. Soils and sludges with
excess water content {e.g., lagoon
sediments) require dewatering prior
to feeding.™

* See also Table A-1,
™ Sea Tabies 4 and 5.

High Temperature Thermal Treatment (General).

whira
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- A.4 Wq Alr Oxrigatlon

|

*4 Teéhnology Description

Wel air oxidation is a thermal treatment technology that breaks, down
suspended and dissoived oxidizable inorganic and organic materials by
oxidation in a high-temperature, high-pressure, aqueous environment.
Waet air oxidation is used primarily to ireat biological wastewaler freatment
sludges. It has, however, potential application to concentrated liquid or
sludge waste streams containing organic and oxidizable inorganic wastes
(including halogenated organics, inorganic/organic cyanide, and phenols in
inorganicrorganic sludges) that are not readily biodegradable. It can also be
used o regenserate powdered aclivated carbon. :

In this process, wasle is mixed with compressed air. The waste-air
mixlure passes through a heat exchanger and then into the reactor, where
oxygen in the air reacts with oxidizable material in the waste. In the heat
exchanger, the raw wasle and air mixiure is heated 1o reaction condilions
by indirect heal exchange with the hot oxidized effluent. The reaction is
gxothermic, and the heat liberated further raises the temperature of the
reaction mixture to the design temperature. In cases in which the heat of
reaction is insufficient to maintain the design operating temperature
(because of a low influent concentralion of oxidizable organics), additional
heat may be nscessary. This exira heat is added either by injecting startup
steam into the reaclor or by placing a startup heat exchanger before the
reactor and after the feed heal exchanger. The exit stream from the reactor
is passed through the heat exchanger, heating the incoming material. A
separator is then used o separale the resultant gas sitream from the
oxidized liquid stream.

Wwith halogenated organics, it may be necessary to use a catalyzed wet
oxidation process. The major impact of a catalyst on the system is either to
lower the reaction lemperature or 1o increase the destruction efficiency.

The environmental impact of the gas, fiquid, and solid effluent must be
addressed when considering wet air oxidation for hazardous wasts
treatment. The oxidation products from ftreating toxic organic compounds
are not entiraly carbon dioxide and water. Some low molecular weight
compounds, such as acetaldehyde, acetons, acetic acid, and methanol, are
also formed. These compounds are distributed between the off-gas and
oxidized liquid phase. Volalile organic components in the process off-gas
can be controlled by a variety of technologies including scrubbing
techniques, carbon adsorption, and fume incineration. The liquid effluent,
containing predominantly carboxylic acids and other carbonyl group
compounds, are readily treated by biological treatment or a combination of
biological treatment and carbon adsorption. The liquid effluent will contain
suspended solids, which are insoluble ash containing metal oxides and
other insoluble salts such as sulfates, phosphates, and silicates. The
insoluble ash can usually be dewatered and disposed of. See Table 6 for
more detail on residuals treatment.

Modar has a lechnology that operales in lhe supercritical state of water
(above 647 K and 22.1 MPa). Data indicate that faster reaction rates and
higher efficiencies are obtained because gases, including oxygen, and
organic substances are complelely soluble in supercritical water.

Status: A pilot-scale Supercritical Water Oxidation Unit (by Modar) has
been successfully demonsirated on RCRA wastes, including PCBs
(Refersnce 6).
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Figure A4-1 illustrates wet air oxidation, Figure A.4-2 jllustrates a
Supercritical Water Oxidation Unit, and Table A 4-1 i? a ﬁZChI‘QOIDQ}
restriction table, =

EPA Contact:

Harry M. Fresman, (513) 568-7529, FTS 684-7529
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory

Cincinnati, OH 45268

Vendors:

William Copa, (715) 359-7211
Zimpro, Incorporaled

Military Road

Rothschild, Wi 54474

Fran Fersaro, (303) 452-8800
VerTech Treatment Systems
Waestminsier, CO 80234

K.C. Swallow, Ph D., or Bill Killilea, {617) 655-7741
Modar, Incorporated

14 Tech Circle

Natick, MA 01760

4

™

Figure A.4-1  Wet air oxidation.
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Heater

Supercritical water oxidation unit.

Figure A.4-2.

Fable A.4-1 Technoiogy Summary.

~ E g - g
brd -0 = R . N ¢ ? ;
B S b 8 v 9 2 ] N !2 i 2 .g Waste ;ypa:* S‘nges
olflg2a 2 - ! Technology: Wet Alr Qxidation
g £3 o &) :
g¥eea =24 3 = .
oy & Characleristics Data Collection
" g Impacting Process Requirements
T ] 3 Feasrbibty Reason for Potential impact Ref.
o
8 E’ Sotids contemnt Sohds should not unduly foul heat Physical 23
L B transfer surfaces. inspection
8 e c3H
5:'§ _g 2a Viscosily of studge The waste must be in a pumpable Viscosily, total 2,3
s w E hquid or liquid-tike form, with a solids analysis,
2 22 viscosily of less than 10,000 SSU.  suspanded
-y solids analysis
] ec
'g 7 % o COD < 100,000 mgil  Wastes with COD concentrations  COD analysis 2,3
O e2 % COD > 200000 mgll  oulside this range are either too
> chtute or too concentratad for a

feasible application.

Soluble metals Soluble metals, for the most part,  Analysis for 23
will remain in the liquid effiuent heavy metals
after treatment. See pretreatment
and residuals treatment tables.

2nd-Stage
Reactor

Volatile organics Volaliles may he stripped from the Analysis for -
aqueocus phase before being volatile
3 oxidized. Requires off-gas organics
] trealment. See residuals treatment
0 table.
w
T Abrasive andior Wastes that have high abrasive Treatability 2,3
acidic andfor acigic characteristics may  testing
characlensics require more expensive
equipment and materials {e.g.,
fitartium).
Fluoride content Corrosion of reactor. Analysis for -
> <Q.1 g/ for stanless total halides
5E steel and litanium;
Ba ] chioride content
b4 <20 g for titanum
s 4 and <1 g7 for
. E staintess steel”
g 3
E pH <1 and >12 for  Corrosion of reaclor. See pH analysis -
15 titanwumn or pH <5 pretreatment table.
and > 12 for

stamloss steeal

Compressor

——

']

1] o
e o o Calcium and Can cause fouling of heat transfer Analysis for -
S5 E L% magnesium cantent  surfaces. calcium and
':-c' 0 s less than 0.1 gl magnesium
52 se  §E
[s] @ v
§ g t. 8.§ g §§ ‘ Data based on pilot-scale units. Higher limils are expected upon upscaling
6 S es to field untts.

§ £ ™ Informauon supphed by Modar, Inc.
O
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A.5 Pyrolytic Incineration T ;
Technology Description 721 24/3342]1

..A/‘l‘\,_

Pyrolysis involves the destruction of organic material in the absence of
oxygen at a high temperature 10 reduce toxic organic constituents to
elemental gas and water. The absence of oxygen allows separation of the
wasle into an organic fraction {gas) and an inorganic fraction (salts, maetais,
particulates) as char material. The process conditions range from pure
heating (thermolysis} to conditions in which only slightly less than the
theoretical (stoichiometric) air quantity is supplied. Gases are the principle
product generated by the pyrolytic reaction, although ash can also be
generated. )

The pyrolytic incineration process marketed by Midland Ross
Corporation is a two-step process. In the first step, wasle material is
decomposed at 1000 to 1400°F into an organic gassous fraction and an
inorganic solid fraction in the absence of air, or oxygen. In the second step,
the organic fraction is fed into a high-temperature, direcl-fired incinerator
operaled at 2200°F, where hazardous elements from the organic fraction
are destroyed and lhe clean, decontaminated gases are sent to an energy
recovery device. This system is capable of handling drummed liquids,
solids, or sludges with healing values ranging from 0 to 20,000 Buw/lb. For
noncontainerized wastes or sludges, a continuous pyrolytic system is
recommended.

Status: This technology is commercially available and used at the RCRA
faciliies; howevsr, its application to CERCLA wastes has not been
demonstrated commercially.

Figura A.5-1 illustrates a pyrolylic incineration system, and Table A.5-
1 is a technology reslriction table.

EPA Contact:

lvars J. Licis, (513) 569-7718, FTS 684-7718
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendor:

Vai Daiga, (418) 537-6125
Surface Combustion Division
Midland Ross Corporation
P.0. Box 907

Toledo, OH 4369-0907

Exhaust Stack

Y T} Y |

Rich Fume Reactor
and Dwell Chamber

Carbottom Furnace

Pyralytic incineration system.

Figure A.5-7
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Table A.5-1 Technology Summary.

Wasta Type: Soiis and Siudges !
Technology: Pyralytic incineration® 9 2 2
Characteristics Data
Impacting Process Collection
Feasibility Reason for Potential impact Requirements Ref
High Btu organic Dasirabla since energy recovery is  gas analysis -
waste the ultimate goal.
Tempersature First chamber requires tempsrature  temperalure -

fower than 1400°F to capture
gaseous organics.

monitoring

* See also Table A-1. High Temperature Thermal Treamment {Ganeral) for
generic incineration restrictions.
" Information provided by vendor.
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A.8 Vitrification

20 Teﬁqgtlln;qlog” Description

Vitrification thermal reaiment is used to transform chemical and physical
charactenstics of hazardous waste such thal the treated residues contain
hazardous material immobilized \n a witrous mass. The destruction of the
hazardous waste is achieved in a reaction chamber in which high
temperature is used to reduce toxic organic compounds to elemental gas
(CO. Hy) and carbon. Inoiganic contaminants should remain entrained in
the glass and siliceous meils. The advanlages of vilrification over other
theimal processes are the lack of oxidation products and large air
emissions and the reduced leachability of inorganic materials, such as
heavy metals.

The reaction chamber is divided into upper and lower sections, both of
which are relractory-lined and have separate electric (480-volt, 3-phase)
heating systems. The upper section accepts the waste feed via gravity and
conlains gases and other products of pyrolysis; the lower section contains
the two-layer molten zone for the melts of the metal and siliceous
components of the waste.

For sohd waste frealment, the feed--limited to 4 inches--is gravity
fed on a conveyer into the reaclor. The wastes are destroyed at a nominal
temperature of 3002°F or 1650°C (+/~ 104°F or 40°C). The off-gas and
pariculates are drawn off by an induction fan and treated through a
cyclone, a baghouse, and an acid gas scrubber. Solid waste is withdrawn
{from the lower section of the chamber via separate molten glass and metal
laps. Both particulale and gas streams can be recycled to the reactor.

The residue streams from the vitrification unit are molten glass, molten
melal, scrubber water, and off-gas. The concentlrations of hazardous
conslituents in the residuals are such that further teeatment is not required.
More detaill on these residuals 1s provided in Table 6.

The Westinghouse electric pyrolyzer is a pyrolytic thermal process
developed for the destruction of hazardous waste solids, such as
contaminated soils and siudges, with concentrations of organics and water
up to 10 percent and 25 percent, respectively. The process involves the
destruction of organic material in the absence of oxygen.

Another wvitrification process, promoted by Vitrifix of North America, is
presently demonstrated for rendering asbestos nontoxic by thermal
decomposition. The vitrifix furnace temperature is maintained above
1300°C. I the temperature falls toward 1100°C, the resulting glass
becomes increasingly viscous. In this system, asbestos is tharmally
decomposed at temperature below 800°C. Thus a lemperature safety
margin of 200°C prevents unconverted asbestos from leaving the furnace.
The product of the process is silicate glass, dark green to black in color.
The Vitrfix furnace unit is a transporlable system that comses in three
different sizes up to 2 lonnes/day, 2-10 tonnes/day, and >10 tonnes/day.
This method is presently used commercially in the United Kingdom to
destroy asbestos-containing soils, including debris, and to treat low-level
radioaclive waste. A 2-tonne per day unit has been used under the
supervision of EPA to destroy asbestos-containing soils with feed size less
than 1 inch. The transportable syslem is not currently available in- this
country commercially. Virifix is also developing the technology for
application to heavy metals-in soils and fly ash. Metals such as Fet2, Cr,
Ni, and Hg are a problem, and incorporation of an additicnal process step is
required.
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A third vilvification technology, markeled by Retech as a ¢ nifueal

reactor, offers indirect heating of solid and liquid organic wast&s viadeleciric .

conductance from a plasma torch. A high temperature of 2,800°F is
achieved, and at this temperaturs liquid components of the waste afe
volatilized, reducing the organic constituents 1o carbon monoxide,
hydrogen, and hydrochloric acid, and, in some cases, reducing alt the way
to carbon dioxide and water. The volatilized components are captured and
are treated in a gas scrubber unit. Metals and small amounts of solid
carbon remain in the vitrified combustion residue. If the residus analysis
indicates that hazardous organic constitusnts remain in the residue, then it
is recycled and treated again in the reactor. The vendor claims that the
volume of the waste is reduced by a factor of 20. This technology can be
used to treat a sludge or soil contaminated with PCBs or another high-
solids content wasts.

Status: A commercial Westinghouse protolype was tested on Superfund
wastes in September 1986; the process is expected to be commercially
available in 1989. Vititix has demonstrated a small-scale commercial plant
on asbestos waste and is constructing a fixed, full-scale commercial
facility for asbestos-containing materials. Retech has a protolype unit not
yet demonstrated on RCRA or CERCLA waste. 1

Figures A.B6-1 and A.6-2 illusirate vilrification syslems, and Table
A.B-1 is a technology sestriction table.

EPA Contact:

ivars J. Licis, (613) 569-7718, FTS 684-7718
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendors:

William H. Reed, (412) 722-5303

Woastinghouse Electric Corporation
Environmental Technology Division
Box 286

Madison, PA 15663-0286

David Roberts, (703) 684-1090
Vitrifix North America

1321 Duke Strest, Suite 304
Alexandria, VA 22314

John Pariola, (707) 462-6522
Retech, Incorporated

P.O. Box 997

100 Henry Station Road
Ukiah, CA 95482
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Vitrification {~electric pyraolyzer”'].

Figure A.6-1.
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Vitrification { “pyrolytic centrifugal reactor’).

Figure A.6-2,
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Source: Retech, inc.
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Tabig A6-1

Technojogy Summary.

A0
asteiirype.' s%lls and Sludges
Technology: Vitritication

Characteristics Data
Impacting Coliection
Process Reason for Potential Impact Requirements  Rel.
Faasibity
Fead Large particle size undesirable. Pariicle size y
compatibility Size reduction 1s required, distribution
{particle size) nominally o 4 inches.
Field *

Maintainability
and refiability

Gas emissions

Moisture content

Orgamc content

Metals

Particulate air
emission

Fuil-scale units need to be
oparated in the field to demonstrale

technology effacliveness.

Monutoring for PICs and metals
emission and to demonstrate DRE.

Maxmum of 25% waler by weight.

Organic content limited to 10%.

Prasence of mercury and cadmium

undesirable

Parnculate air emissions. required
to be captured in gas scrubbing

system.

opsrating data

Hydrogen
concentration,
oxygen
concentration,
organics and
inorganics
concenlrations

Analysis
maoisture

Analysis for
total organic
content

Analysis for
metals

Monitoring for
air emissions

* informalion supplied by Westinghouss.
= information supplied by Retech.
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, Appendix B
Physical/Chemical Treatment Technologies

introduction

This appendix describes the applications and restrictions of
physical/chemical treatment technologies for the cleanup of hazardous
waste siles. These treatment technologies are widely used in industrial
wasle troatment and pretreatment. Thus, more complele descriptions of the
processss can be found in the litarature.

Physical treatment processes separate the waste stream by either
applying physical force or changing the physical form of the waste, while
chemical treatment processes alter the chemical structure of the
constituents 1o produce a wasle residue that is less hazardous than the
original waste. Further, the allered conslituents may be easier to remove
from the waste stream. The physical/chemical treatment processes
presented in this appendix are:

Chemical extraction;

In situ decontamination;

Soil washing;

In situ soil flushing;

Glycolate dechlorination;

Low temperature thermal stripping;
In situ vacuum and steam extraction;
Stabilization/solidification:

Chemical reduction-oxidation; and
In situ vitrification.

As discussed under many of the other treatment technologies, physical
trealment processes will also produce residuals that must be disposed of in
an environmentally safe manner. Treatment sludges may require additional
treatment either on site or off site prior to disposal. Treatment needed may
include dewalering (and subsequent trealment of wastewater) and
immobilization.

The further treatment required for concentrated solids and siudges will
depend on the lype and levei of contamination. A number of thermal,
physical, chemical, and immobilization processes may be used as
lreatment alternatives. Liquids will also require further treatmsnl if
hazardous constituents, such as volalile organics, are present.

Treatment sludges from any of these processes may require additional
treatment sither on site or off site prior to disposal. Treatment needed may
include dewatering (and subsequent treatment of water) and immobilization.
Depending upon the appiicable requirements, solid residuals can be
disposed of on site or off site.

This appendix contains information on individual physicat/chemical
treatment lechnologies. For each technology, a technology description is
provided, followed by an illustration of the process and a technology
restriction table. Each technology restriction table includes a listing of the

L 3 BN BN BN BN BN W AN
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char_ac_tarislics impacijng the leasibility of the process, reasons for
restriction, data collsction requirements, and references. Th nurpbersyin 2

the "Reference” column ars correlated with the list o i
at the end of this appendix. f lorentos ifcludod

v
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8.1 Cj\emical Extraction
3 d 2

Technology Description

The chemical extraclion processes are used to separale contaminated
sludges and soils inio their respective phase fractions: organics, waler, and
parliculate solids. One demonstrated process, Basic Extraction Sludge
Treatment (BEST), developed by Resources Conservation Company, has
been used primarily lo treat oily sludges containing hydrocarbons and other
high-molecuiar weight organics. This process has not besn used to treat
soils. Another process thal is available to treat aqueous waste and sludges
is known as solvent extraction with liquified gas.

In the BEST process, a secondary or tertiary amine (usually
tristhylaming, TEA) solvent is mixed at cool temperatures with solls or
sludges. Depending on the waste matrix, waste may need slurrying, which
is achieved as part of the treatment train. At the low temperatura the solvent
is simuitaneousiy miscible with oil and water. The solvent extracts organics
adsorbed on the particles. The resulting mixture is centrifuged or filtered to
separate the oil-extracted solids from the liquid phase. The solids are
driad to recover the solvent for recycle wilhin the system.

The particulate-free solvent/oil/waler solution is heated, breaking any
emulsions present and separating the organic and aqueous fractions by
reducing their mutual solubility. The heated two-phase solution is
decanted. The top fraction leaving the decanter is primarily solvent and oil,
which are senl to a stripping column where solvent is recovered and oil is
discharged. Some volatile organics, such as acetons, toluene, or methyl
athyl ketone, may boil off with the amine, requiring an additional selective
distitiation step. The bottom fraction, predominantly water, is sent to another
stripping column to remova residual solvent. The contaminated ail is further
treated, if necessary.

The waste, whether sludge or soil, commonly requires pretreatment
before solvent addition. it may be necessary to add water or solvent to the
waste so that it becomes pumpable. The process requires alkaline
conditions, generally a pH of 10, so that TEA can exist. Alkaline conditions
arg crealed by a front-end neutralization step in which caustic soda is
added 1o the feed streamn to raise the pH. This step has the added
advantage of insolubilizing any heavy metals existing in the aqueous phase.
TEA is a weak base thal can also be used to raise the pH of the feed
stream by forming triethylammonium salts; however, this option is not
usually cost effective. See Table 5 for more details concerning pretreatment
options.

The BEST process produces an aqueous effluent stream, dry solids,
waste oil, and solvent. The solvant is recycled back to the treatment
systern. The aqueous effluent may require biclogical trealment or carbon
adsorplion {o remove residual organics beiore final discharge. If soluble
metals are present in concentrations above allowable discharge limits,
chemical precipilation will also be needed. The recovered waste oil should
be analyzed to determine- suitability for recycle ar reuse as fuel. If neither
option is viable, the waste oil must be incinerated. The residual solids are
assentially free of mobile organics. Exiraction tests should be conducled on
the rasidual solids 1o determine the need for stabilization before their final
disposal. See Table 6 for further details concerning residuals treatment
options.

Critical fluid solvent extraction with liquified gas technology has been
devetoped by CF Systems Corporation. Liquified gases {carbon dioxide and
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propana) al high pressure are used to extract oils and organic sclvenis from
wastewaler and sludge in a continucus process. The evaporated gases are
racycled following recompression. This technology is similar l@su@rcriqcal 2
fluid extraction.

CF Systems has operated a small-scale unit to extract dissolved and
emulsified organics from aqueous waste. A small-scale sludge deoiling
unit is available and has been used for the exiraction of heavy oil from
sludge. The material must be pumpable. The ideal pressure is 250 psi for
propane and 850 psi for carbon dioxide and ambient temgperature for
extraclion of organics. In order to use this technology for solids or soils
treatmenl, the material must be slurried so that it can be pumped into the
unit.

Using this technology, aqueous-based oily sludges or PCB-
contaminated suiface impoundment sludges can be treated. Materials that
are primarily contaminated with heavy metals or inorganic compounds are
not appropriate for this technology.

Status: A 100-ton per day BEST unit has been successfully used at a
CERCLA cleanup site to treat PCB-contaminated oily sludge. CF Systems
plans 1o demonstrate the small-scale sludge deoiling unit on PCB-
contaminated sediments in 1988.

Figure B.1-1 illustrates chemical extraction, and Table B.1-1 is a
technology restriction lable.

EPA Contact:

Edward Bales, (513) 569-7774, FTS 684-7774
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendors:

Paul McGough, (206) B28-2400
Resources Conservation Company
3101 N.E. Northup Way

Bellevue, WA 98004

Thomas Cody, (617) 830-1200
CF Systems Corporation

140 Second Avenus

Waitham, MA 02154-1100

64

4

Chemical extraction {"BEST"’).

Figure B.71-1.
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Figure 8.1-2. Critical fluid solvant axtraction.
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Table B.1-1 Technology Summary.

T Waste Typd:  Soiis and Sludges
Technology: Chemical Extraction

Characteristics Data
Impacting Process Collection
Feasibility Reason for Potential Impact Requirernents  Ref.
Presence of Volatiles may combine with process Volatile "
olevated levals of  salvent, requiring an additional organic
volakles saparalion step. analysis
Particle size Equipment used in procass not Particle size *
greater than 113 capable of handling large particle distribution
inch size. (See pretraatment table for
size reducnon (echniques.) Waste
must be pumpable.
pH <10 TEA ({used in BEST process)is pH *
weak base and will exist in solvent  measurement
form only at approximately pH 210,
Wastas with lower pH must be
pretreated to raise pH. See
prelreatment table.
Presence of high  Adversely impact oiliwaler phase Glassware *
amounts of separaton. A greater quantily of process
emulsifiers solvent is required for appropriate  simulation fo
traatment measure
phase
separation
characteristics
Matals {e.g., Strong reactions may occur during  Analysis for -
aluminum) or {reatment process because of aluminum
other compounds  caushic addwon. The adverse
that undergo reaction may be avoided by using
strong reactions TEA for pH adjustment.
under highly
alkaline conditions
Types of waste Materials contaminated with heavy Metals -
metals not suitable. Wastes that are  analysis

reactve with carbon dioxide and
propane must be pretreated.™
Wastas conlaimng > 200 ppm
organics and oil conceniralion up
to 40 parcant are acceptable.

* infgrmation supphed by Resources Conservation Co.
™ Informauon supphed by CF Systems Corp.
" See Tables 4 and 5.
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B.2 in Situ Chemical Treatment
Technology Description 9 2 |

In situ chemical treatment allows treatment of contaminated soils and
waste deposiis in placa. By using this weatment method a wide range of
treatment agents, including -solvents, precipilating and newotralizing
chemicals, and stabilizing agents, can be delivered directly to the waste
source. Thase treatmeni agenis can be used o treat many types of
contarminants, including petroleum hydrocarbons, chlorinated hydrocarbons,
metlals, PCBs, and radionuclides.

In situ soil decontamination using a wide variety of chemicals is
marketed by Toxic Treatment (USA), Inc. under the irade name Detoxifier.
The Detoxifier is a mobils treatment unit capable of neutralization or pH
adjustment by the addition of acids or bases; destruction or chemical
modification of contaminants via the use of oxidizing or reduction
chemicals; and solidification/stabilization by the addition of chemicals or
physical agents. Other applications include the addilion of nutrients,
microorganisms, and oxygen to promole in situ biodegradalion and air or
steam siripping of volatite contaminants.

The Detoxifier unit consists of a process tower, a control unit, and a
process trealment train. These components are custom designed and
configured to meset site-specific requirements. The process lower
accomplishes the drilling and dispenses the remediation agents. The
process fower is capable of penstraling the socil'waste medium {o depths of
mora than 30 feet. Remediation agents (in dry, liquid, vapor or slurry formy)
are added lo and mixed with the soil'waste at various depths during the
upward and/or downward movements of the drill head assembly. A
rectangular shroud, under vacuum, covers the drill head assambly to isolate
the treatment area and prevent any environmental release. On-line
analytical instruments continuously monitor the treatment conditions. The
remediation of a large area is affecled by a block-by-block treatment,
approximatsly 30 square feet per block.

Ancther technology using a combinalion of direct delivery system and
drilling is a deep soil mixing (DSM) system developed by Geo-Con
Corporation. The system consists of a sel of crane-supporiad leads which
guide a series of mixing paddias and augers, hydraulically driven. As the
ground is penelrated, stabilizing agents or other fluids are fed through the
center of each shaft. The auger flights break the soil loose and lift it 10 the
mixing paddles, which blend the additives with the soil. The augers are
positioned to overlap each other and form a confinuous block. As the
augers advance lo a greater depth, the soil and agent are remixed by
additional mixing paddles on each shaft. When the desired depth is
reached, the augers are wilhdrawn, and the mixing process is repeaied on
the way to the surface. Each auger is 36 inches in diameter, and there are
four shafts togethar on 27-inch centers. The four shafts treat
approximately {hree square yards of area per siroke. Each shaft is supplied
with 40,000 foo! pounds of torque. The DSM systern can be used in almost
any soil type: however, the mare fines in the soil, the more mixing is
required. The system can be used beiow the water table, and very soft rock
formations can be drilled and mixed. Large obstructions such as buried
concrete blocks, boulders, or pilings, must be avoided, but rocks less than
one foot in diameter can be mixed. Objects such as drums, trash, and
botlles may be broken up and penetrated.

Potential applications for in situ remediation in general include treatment
of metals and radionuclides (mining mill iailings) by neutralization,
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precipitation, and solidification/stabilization; and treatment of hydrocasbons,
notalsy andyadigpuclides by oxidation/reduction.

us??}‘l'oxfc Tr8atment's pracess is commercially available and has been
demonstrated successfully on RCRA siles but has not been used at
Superfund sites 1o date. A demonstration is scheduled to occur in late 1988
in California at a State Superfund site. Solidification/stabilization using the
Geo-Con/DSM system has been demonstrated on PCB-contaminated
soils.

Figure B.2-1 is a process diagram for Toxic Treatment's in situ
chemical treatment system. Table B.2-1 is a technology reslriction table.

EPA Contacts:

Mary Stinson, (201) 321-6683 FTS 340-6683
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Edison, NJ 08837

Paul dePercin, (513) 569-7797

LS. Environmental Protection Agency
Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendors:
Michael Ridosh, (415) 572-2994
Toxic Treatment (USA) lncorparated
901 Mariner’'s Island Blvd. Suite 315
San Mateo, CA 894404

Brian Jasperse, (412) 856-7700
Geo-Con, Incorporated

P.O. Box 17380

Pittsburgh, PA 15235
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Figure B.2-1. In situ chemical treatment ("Detoxifier™}.
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8.3 Soil Washing ,
Technology Description 9 2 i

The soil washing process extracis contaminants from sludge or soil
matrices using a liquid medium such as water as the washing solution. This
process can be used on excavated soils thal are fed inlo a washing unit.
The washing fluid may be composed of water, organic solvents,
water/chelating agents, water/surfactants, acids, or bases, depending on the
contaminant to be removed. In contrast, in situ soil washing is performed on
unexcavated soils and consists of injecting a soivent or surfactant solution
to enhance the contaminant solubility, resulting in increased recovery of
contaminants in the leachaie or ground waler (see B.4).

EPA’s maobils exiraclion system uses water as the washing fluid.
Contaminated soil enters the system through a feeder, where oversized
nonscif materials and debris that cannol be treated are removed with a
coarse screan. The waste passes into a soil scrubber, where it is sprayed
with washing fluid. Soil particles greater than 2 mm in diameter are sorted
and rnsed, leave the scrubber, and are dewatered. The remaining soil
enters a countercurrent chemical extractor, where additional washing fluid is
passed countercurrent io the soil flow, removing the conlaminanis. The
treated solids are then dewatered. The remainder of the process is a
multistap treatment for removal of contaminants from the washing fluid prior
lo its recycling. Treatment is generally accomplished by convenlional
wastewater treatment systems dspending on the type of contamination. See
Table & for residuals management techniques.

A soil washing process developsd by MTA Remadial Resources, Inc.
(MTARRI) utilizes technology transfers from both the mining and enhanced
oil recovery fields to simultaneously remove and concentrate the organic
contaminants from scils. Release of contaminants from clay and sand is
accomplished through alkaline and surfactant addition, which results in
changing the inferfacial tension. The treatment residues, detoxified sail, can
be returned to the site and the treatment byproducts, concentrated
organics, require either incineration, landiilling, ar additional treatment for
ultimate contaminant removal. This technology has been also demonstrated
to remove meataltic compounds of fead, cadmium, chromium, copper, and
nickel. This technology is commercially available. Restoration of aquifers
contaminated with aromatic, aliphatic, and/or organo-chlorides is
accomplished using alkaline agents, surfactants, and biodegradable
polysaccharides. The vendor claims that 5 tons of wreatment residue is
generated per 100 tons of soil treated.

Status: Two mobile units are commercially available. This technology is
currently used at Department of Defense sites as a madified air stripper to
treat volatiles. Two mobile units will be operational by lhe end of 1988,

Figures B.3-1 and B.3-2 illustrate soil washing systems, and Table
B.3-1 is a technology restriction table.

EPA Contact:

Richard Traver, (201} 321-6677, FTS 340-6677
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory

Edison, NJ 08837
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Vendors:

F!?l %Tre;gt, (303) 279-4255
MTA Rémethial Resources, Inc.
1511 Washington Avenue
Golden, CO 80401

Al Bourquin, {206} 883-1900
Ecova Corporation

3820 159th Avenue NE
Redmond, WA 98052
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Figure B.3-1. Soil washing system. +2mm Scrubbed Soit
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Waste Type:  Soils

Technology: Soil Washin
’ u g 2 1
Characteristics Data
Impacting Process Collection
Feasibility Reason for Polential Impact Requirements Ref.
Unfavorable Excessiva volumes of leaching Equitibrium 1
Sgparation medium required. partition
coefficient for coefficient
cantaminant
Complex mixfures  Formulation of suitable washing Analysis for 2
of waste lypas fluids difficuit. priority
(e.g.. matals with pollutants,
organics) solubility data
Variation in waste  May require frequent reformulation  Statistical 2
composition of washing fluid. sampling,
analysis for
priority
poliutants
Unfavarable soil
characleristics:
® High humic Inhibition of dasorglion. Analysis for 1.2,
content organic matter 3,4
« Soil, solvent May reduce contaminant mobilily. Pilot testing 1,2
reactions '
& Fine particle size  Fine particles difficult to remove Soil particle
{silt and clay)} from washing fiuid. Size
distribution,
USGS sorl
classilication
o Clay sait Low recovery rate because -
containing organics are held more tenaciously.
semivolatiles
Unfavorable
washing fluid
characteristics:
e Difficult recovery  High cost if recovery low. 8Bench-scale !
of solvent or testing
surfactant
e Poor treatability  Requires replacement of washing Bach-scale i
of washing fluid  fluid. lesting,
conventional
analysis”
e Reduction of soif  Surfactant adheres (o soil to Parmeability !
permeabliity reduce effective porosity. - pilot testing
& High toxicity of Soil may require additional Toxicity of 2
washing fiuid treatment for detoxification. Fluid washing flud

processing requires caution.

* Conventional analysis should includse organic content (e.g., BOD, COD, TOC),

solids content, iron, manganese, and leachata pH.
= Information supplied by MTARAI .
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B.4 In Situ Soli Flushing

:hechholoyy Description

In situ soil flushing, an active system, is a process applied to
unexcavated soils using a ground water exiraction/reinjection system. In silu
soil flushing consists of injecting a sclvent or surfactant solution (or water)
to enhance lhe contaminant solubility, which resulis in increased recovery
of contaminanis in the leachate or ground water. The system includes
extraction wells drilled in the contaminated soils zone, reinjeclion wells
upgradient of the contaminated area, and a wastewater freatment system.
The technology is often used for removal of volatile organics from
permeable soils. More aggressive flushing involves ponds or sprinkiers over
the contaminated zone to accelerate migration of contaminants, The
migration of contaminants into ground water must be prevented by
incorporaling proper control measures. Sandy soils may result in
uncontrolled migration, and the inclusion of a clay-confining layer would
be a desirable measure to control migration.

The technology includes extraction and treatment systems for
contaminated ground water. Following treatment, the ground water Iis
reinjected upgradient of the extraction wells and leaches through the
contaminated soils. The leachate is then collected, treated, and re-injscted
back into the system, creating a closed loop system. Nontoxic or
biodegradable surfactants or chelating agents may be added to the ground
water prior to reinjsction. The contaminated ground water is {reated using
various common wastewater techniques depending on the contaminant
being removed. If surfactants or chelating agents that pose risks of
additional contamination are added, they also must be removed for
complete remediation. See Table 6 for further information on residuals
management.

In situ soil flushing is both innovative and contaminant-specific. it has
the greatest potential {or success on soils contaminated with only a few
specific chemicals. For soils and sludges that are contaminated with a
varisly of hazardous malterials, the effectiveness is limited, and
pretreatment or posttreatrment may be necessary.

Status: Full-scale mobile units are currently available. This technology
has been selected to decontaminate a CERCLA site, and the work will
bsgin in 1968,

Figure B.4-1 illustrales in situ soil flushing, and Table B.4-1 is a
technology restriction table.

EFPA Contact:

Richard Traver, (201} 321-8677 FTS 340-6677
U.S. Environmental Protection Agency

Risk Reduction Enginearing Laboratory

Edison, MNJ 08837

Vendor:

Paul B. Trost, (303} 279-4255
MTA Remedial Resources, Inc.
1511 Washington Avenue
Golden, CO 80401

Al Bourquin, (206) 883-1900
‘Ecova Corporation

3820 159th Avenus NE
Redmond, WA 98052
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Tabie B.4-1 Technology Summary.

92 1 2 i 3 Aesdrypg hits

Technology: in Situ Soil Flushing

Figure B.4-1  In situ soil flushing.

Contaminant Re-Injection of Characrensacs
Freatment & Treated impachng Process Data Collection
Removal Groundwater EZA Contaminant Feastbiily Reason for Potental impact Reguirements Ref.

ror e sy unia :“_ -t Untavorable Excessive volumes of Equilibnium partition 1
separation surfactants required. coefficient
coefficiant for

S contamnant
New Water

Complex mixtures
of waste lypes

(e g., metals with
organics)

VYaranon in waste
composiion

Faormulation of suitable
flushing fluids difficull.

May require frequent

reformulation of fushing fluid,

Analysis for priority 2
pollutants, elemental
analysis

Statistical samplng, 2
analyses for priority

Onyginal pollutants
Water Table
Unfavorable soil
Source: EPA/540, 2 86 -003(1) characterstcs.
® Vanable soil inconsistent flushing. Soit mapping 1.2
conditions
& High orgamc Intubition of desorption. Analysis for organic 1,2,
cantent matter 3.4
¢ Low permeabiity Reduces percofaton. Percolation test 23
{high clay andfor
shit contant)
& Soil, solvent May reduce contaminant Pilot testing 1,2

reachons

Unfavorable site

mobility.

Ground-water fow must

Site hydrogeology i2

hydrology permit recapture of flushed must be well
comamnants and, in s0me defined
cases, sod-flushing fluids.
Unfavorable
flusiung fluid
characteristics:
& High toxicity of Haaith risks. Surfactant 1.2
volatlity characterization
o Difficult recovery  High cost if recovery low. Bench-scale 1
of surfactant testing
;Poor treatabimity  Requires replacement of Banch-scale 1
of fiushing fled  fAushing fluid. testing, conventional
analysis”
e Asduchon of soil  Surfactan! adheres to soil to Permeability pifot 1
permeabulity reduce effectiva porosily. testing

* Conventional analysis should inciude organic content (e.g., 80D, COD, TOC),

solids content, iron, manganese, and leachate pH.
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Technology Description

Potassium polyethylene glycolate (KPEG) dechiorination i? an an::»vltiwe2 «E
process used to dehalogenate certain classes of chlorinated organics in
contaminated organic liquids, sludges, and soils. For example, KPEG is
used on waste oils containing dioxins and diesel fuel containing PCBs,
dioxins, and chlorobenzenes, 1o convert them into lower loxicity, water-
soluble materials. The KPEG solution reacts with the chlorinated organic
and displaces a chlorine moleculs. This technology, developed by Geneial
Electric, uses glycol reagent and has been demonstrated to destroy PCBs
in contaminated soil to levels required by the regulation. The contaminated
soils contained PCB in the range of <10 to 70/2 ppm, and the
contamination was reduced to meet the requlatory standard in between
1.25 and 6.25 hours.

The process involves mixing equal portions of contaminated soit and
KPEG reactants in a heated reactor. The slurry is then heated and mixed
while the reaction occurs. The reaction time can range from 0.5 hour to up
lo § hows, depending on the type and concentration of the contaminants
and the amouni of dechlorination desired. The excess reagent is lhen
decanted and the soil is washed two to three times with water to remiove
excess reagent and the products of the reaction. The decontaminated soil is
then removed from the reaclor. The decanled reagent and washes can be
recycled to treat additional soil.

in the alkaline polyethylene glycolate (APEG) process developed by
Galson Research Corporation, the reaction can be catalyzed by dimethyl
sulfoxide (DMSQ). The DMSO increases the rate of the reaction by
increasing the alkalinity (i.e., strength) of the KPEG. The DMSO also aids in
the extraction of the contaminant from the soil, thereby providing for better
mixing of the reactants. The reagent and rinse walers are recycled.

Although KPEG reduces the toxicity of the waste, it increases the volume
of waste that must be further lreated as wastewater. Waslewaters
conlaining reaclion materials similar to those created as a residual by the
KPEG process are commonly treated by chemical oxidation,
biodegradation, carbon adsorption, or incineration. See Table 6 for further
information on residuals treatment.

Status: A bench-scale unit was lested on PCB-contaminated soil
during August 1987, a pifot-scale unit was tested in late 1987, and a fuli-
scale unit is expecled to be operational in 1988. )

Figure B.5-1 illustrates the glycolate dechlarination process, and Table
B.5-1 is a technology restriction table.

EPA Contact:

Charles J. Rogers, (513) 563-7757 FTS 684-7757
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory

Gincinnati, OH 45268

Vendor: -

Robert Peterson, Edwina Milicic, (315) 432-0506
Galson Research Corporation (APEG Process)
6601 Kirkville Road

E. Syracuse, NY 13057
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Figure B.5-1. Glycolate dechlorination.
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Tabie B.5-1  Technology Summary. B.6 Low Temperature Thermal Stripping

Technolagy scription

7 Oré' de‘%‘.fgn %r a low temperature thermal stripping system processes
contaminated soils through a pug mill or rotary drum system equipped with

Waste Type:  Soils and Sludges 9 2 I 2
Technolagy: Giycolate Dechiarination ’

~

"
RS

Characteristics Dala

heat transfer surfaces. An induced airflow conveys the desorbed volatile

Impacting Process Collection organic/air mixture through a carbon adsogption unit or combustion
Feasibility Reason for Potential Impact Requitements aﬂ%rburner jor the deslru%tion of the organics. The airstream is then
Elevatad Concentrations greater than 5% Analysis for discharged through a stack. These lypes of systems generally may be
concentrations of  require excessive volumes of priority used to remove volalile organic compounds {Henry's Law constant >3.0 x
chiorinated reagen!. (Low pprn is cplimurm.) poliutants 10-3 atm-m-¥mole) from soils or similar solids. Process residuais are
organics pracessed sail, ash from the afterburner or spent carbon, and stack gases.

Presence of:

Reagent effective only with aromatic

Analysis for

Chemical Wasts Management has developed a mobile thermal desorption
system called X'TRAXIM, This system employs a process in which solids

» Aliohati - ik
gfgg;ﬁi gg;ﬁ,%zfﬂzgg,i" gﬁ.’gfgb anzenes). ggﬁ;}g s with organic contamination are heated in the presence of waler, driving off
s Inorganics the water and organic contaminants and producing a dry solid conlaining
* Motals trace amounts of the organic residue. The X TRAX system consists of a
) ) dryer and an off-gas handling trailer. The dryer is a rotary kiln indirectly
High moisture Waler may require axcessive Soil moisture fired with propane as fuel. The conlaminated solids or sludges are fed by
content (>20%)  volumes of reagent conten! auger or pump into the dryer and heated to 500-800°F. An inert nitrogen
X carrier gas transports the volatilized water and organics to the off-gas
Low pH (<2) ;ﬁ%ﬁ:scczﬁgrrzﬁi _under highly pH testing handling system, a three-stage cooling and condensing train which
condenses organics of low, intermediate and high volatility in a stepwise
Prasence of other  Aluminum and possibly other meatals  Mstals fashion. The carrier gas is rehealed and recirculated into the dryer. A small
aikafine reactive  that react under highly alkaline analysis portion of carrier gas passes through a filter and a carbon adsorption drum
onditions may increase amount of befors being vented to the almosphere. The relatively low temperature
reagent required by competing for healing in lhe presence of nitrogen prevents undesirable oxidation

the KPEG. The reaction may also reactions.
produce hydrogen Qas. The X'TRAX syslem is designed to treat solids or siudges containing
High humic increases reaction tme. Clay and  Organic organics with boiling points less than about 800°F, less than 10% total

content in soil

sandy soils as well as high organic
conlent soils can bea lreated with
increased reaction tme.

contant in soil

" Information supplied by vendor.

organics, and less than 60% moisture. For wastes Ihat with higher organic
or moisture levels, an ecanomic evalualion is conducted to determine if the
process is cost efiective. Solid feeds must be screened to less than 1.25
inches in size, and for pumpable sludges, solids less than 0.4 inches must
be removed.

Status: A pilot system construcied of off-the-shelf components has
been tesied on soils on at least one CERCLA site. The Chemical Waste
Management System is to be tested on mixed hazardous and radioactive
waste and PCB-contaminated soils in late 1988 and 1989.

Figure B.6-1 iliustrates low temperature thermal stripping, and Table
B.6-1 is a lechnology restriction table.

EPA Contact:

Robert Thurnau, (513} 569-7692, FTS 684-7692
Paul dePercin (513) 569-7797, FTS 684-7797
U.5. Environmental Prolection Agency

Risk Reduction Engineering Laboralory
Cincinnati, OH 45268

Vendor:

Faja Venkaleswar, (312) B41-8360
Chemical Waste Management, Incorporated
150 West 137ih Strest

Riverdale, I. 60627
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Figure B.6-1 Low temperature thermal stripping.
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Table B.6-1

Technology Summary.

6 '§ QlastéTyplg: gous and Siudges

protreatment.”

Technology: lLow Temperature Thermal Stripping
Charactaristics Data
Impacting Process Collection
Feasibility Reason for Poteatial Impact Requirements  Ref.
Prasence of: Some procass effeclive only for Analysis for "
® Matals highiy volatile organics {Henry's Law  priorily
s inorganics Constant >3 x 10~3 atm-m3/ poliutants
® Lass volatile mole). X*TRAX system can treat
organics organics with boiling points up to
about 800°F
pH <5, >11 Corrosive effect on system pH analysis -
components
Presence of Boiling polnt of mercury (356°C) Analysis for 2
marcury (Hg} close to operaling temperature for  mercury
process (100 to 300°C).
Unfavorable soil
characleristics:
e High percent of  Fugitive dust emissions during Grain size 6
clay or silt handling.” analysis
& Tighily Incomplate devolatilization during Soil sampling 6
aggregated soil  heating. and mapping
or hardpan
®Rocky sol or Rock fragments interfere with Soil mapping 6
glacial il processing.
e High moisture High energy input required. Soil moisture 6
content Dewalering may be required as content

* See Tabls 5.

=~ Information supplied by vendor
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B.7 In Situ Vacuum and Steam Extraction

Technology Description n? .
8}

In situ vacuum extraction is a technology used lo re
{(Henry's Law constant >3 x 10-3 atm-m/mole) organic compounds
(VOCs) from soils. The basic components include production wells,
monilonng wells, and high-vacuum pumps. The vacuum pumps are
connecled via a pipe system o a seriss of production wslis. The production
wells ase drilled through the contaminated soil zone lo just above the
ground-water table. Spacing of the production wells is determined by
mathematical models or pilot testing. Monitoring wells are drilled around the
production wells to monitor the interstitial air pressure.

The system operales by applying a vacuum through the production
wells. Once the wells are tightly sealed at the soil surface, a vacuum is
created by the vacuum pumps. The vacuum is controlled by biseding air
into the syslem. Because of the pressure gradienl created by the vacuum
pumps, volaliles in the soil percolate and ditfuse through the air spaces
betwesn the soil particles to the production wells. The vacuum established
in the soil continuously draws VOC-contaminated air from the soil pores
and draws fresh air from the soil surface down into the soil. The removed
volaliles are processed through a liquid-vapor separator. The VOC vapors
are Ihen treated by an activated carbon bed, catalytic converter, or
afterburner or are dispersed into the almosphere. The liquid (VOC-
conlaminated ground waier} is treated in a vacuum-assisied, fully
enclosed aeration unil, which causes the VOCs to volatilize. The now
gaseous VOCs are treated as above, and the ground waler is discharged or
reinjected into the ground. In most applications, the quantity of VOC-
contaminated ground water extracted will be minimal. In areas with a high
ground-water table, the VOC-contaminaled air and ground waler are
ramoved simultaneousty through the production wells without the need for
additional pumps.

A similar system involves a series of air injsction and air extraction wells.
Fresh air is forced down the injection wells and VOC-contaminated air is
withdrawn through the extraction weils. The removed VOC-contaminated
air is then treated in a carbon adsorption unit.

Another technology, marketed under the trade name Detoxifier by Toxic
Treatment (USA), Inc., uses a combination of drifling rig process tower,
freatment agent, and delivery tool to remove petroleum and chlorinated
hydrocarbons by steam strpping. The treatment syslem that has been
demonstrated to treat volatile organics consists of two hollow blades that
inject steam and hot air into the soil 1o a depth of almost 30 feet. The
mixture heats the soil and raises the temperature of the chemicals,
eventually causing them to evaporate. The evaporated chemicals are then
trapped at the surface in @ metal box and piped to a processor, which coots
the chemical vapors until they turn into liquid. The liquid chemicals are
taken to an incinerator. A technology known as the Geo-Con/DSM System
can also be used to accomplish sleam stripping of volalile organics (see
8.2).

Status: Full-scale mobile units for vacuum and sieam extraction are
currently available and have been demonstrated on CERCLA wasles.
Forced air injection units are currently being tested at pilot scate.

Figure B.7-1 illustrates in situ vacuum exlraction, and Table B.7-1 is a
technology restriction table. Figure B.2-1 is a process diagram that also
applies to in situ steam extraction.

fT-'%Q

ve volatile

EPA Contact:

N}@:y i_ns%;. (201) 321-6683, FTS 340-6683
U.s. Entvironfnental Prolection Agency

Risk Reduction Engineering Laboratory

Edison, NJ 08837

Paut DePercin, (513) 569-7797, FTS 684-7797
U.5. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Cincinnali, OH 45268

Vendors:

Jim Malot, (809) 723-9171
Terra Vac, inc.

P.O. Box 1581

San Juan, PR 00903

Brian Jasperse, {412) 856-7700
Geo-Con Inc.

P.0. Box 17380

Piltsburgh, PA 15235

Michael Ridosh, {(415) 572-2994
Toxic Treatment (USA) Inc.

901 Mariner’s Island Blvd., Suite 315
San Mateo, CA 94404

Al Bourquin, (206) 883-1900
Ecova Corporalion

3820 159th Avenue NE
Redmond, WA 98052
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B.8 StabilizationvSolidification
Technology Description

Stabilization, also known as solidification or fixation, techno%gy is
applicable to sofid, liquid, or sludge waste. Stabilization can be pesformed
in situ or in tanks or containers. In situ stabilization is achieved by a deep
soil mixing technigue. In situ stabilization allows direct application of
stabilizing agents, ulilizing mixing paddles and augers that blend the soil
with a stabilizing agent fed through the center of sach shalt. At the end of
the treatment, a trealed block of soil or a continuous stabilized mass is left
behind. Two in situ technologies marketed currently include Detoxifier and
the Geo-Con/DSM Systam (see B.2).

Whaether in ground or above ground in tanks, stabilization facilitates a
chamical or physical reduction of the mobility of hazardous constitusnts.
Organic oily wastes, sludges, and contaminated soil containing nonvolatile
organics such as PCBs and creosole, and incinerator ash containing heavy
metals may be treated successfully. Mobilily is reduced through the binding
of hazardous constituents into a solid mass with low permeability that
resists leaching. The actual mechanism of binding, which depends on the
type of stabilization process, can be categorized by the primary stabilizing
agent used: cement-based, pozzolanic- or silicate-based,
thermoplastic-based, or organic polymer-based. Techniques may overlap
because additives, such as silicates, are frequently used in conjunction with
the stabilizing agent to control curing rate or to enhance propatties of the
solid product.

On a commercial basis, organophilic proprietary compounds-based,
asphalt-based, cement-based, and pozzolanic-based technigues have
been more successful for trealing hazardous wastes than the other
techniques because of their wider range of applicabiiity and less expensive
reagents. Thus, the major focus of this discussion is on cement-based and
pozzolanic-based techniques.

Stabilization technologies have been most widely successful when
applied to inorganic waste streams. Before stabilization, the waste slurry or
sludge may be pretrealed to adjust pH and insolubilize heavy melals,
thereby reducing their maobility. The high alkalinity of most cements and
seiling agents will serve to neulralize acidic leachate, keeping heavy metals
in their inscluble, less mobile form. -

Data suggest lhat silicates used with lime, cemenl, or other sstting
agents can stabilize a wider range of materials than cement-based
technologies, including oily sludges and sludges and soils contaminated
with solvenis. Several vendors use organophilic proprietary compounds as
additives 1o bind organics to the solid matrix. Both the cement-based and
pozzolanic-based msthods have been applied to radioactive wastes as
well. The pressnce of solid organics such as plastics, resins, and lars often
increases tho durability of the solid end product.

The equipment used for container or tank stabilization is similar to the
one used for cement mixing and handling. it includes a feed system, mixing
vessels, and a curing area. Stabilization is applicable to many waste
streams and waste matrices as well as coniaminated soil bsecause the
mixing and handling techniques employed are very adaptive. Stabilization
can be accomplished in situ using a lagoon ar mixing pit. The existing
laguon may serve as mixing vessel, curing area, and final disposal site; or
waste may be transferred 1o a mixing pit. which then serves as a curing
area and possibly as a final disposal site. These technigues involve the use
of common construction machinery such as a backhoe, pull shovel, or

g0

front-end loader to mix the waste and reagenis. Pumps can be used to
transfer light sludge wastes to the mixing pits and pumpabls uncured

A 3 .{’}waél"es tod thefuring site.

riticdl parameters in stabilization treatment include sslection of
slabilizing agents and other additives, the waste-to-additive ratio, mixing,
and curing conditions. All of these parameters are dependent on the
chemical and physical characleristics of the waste. Bench-scale
treatability tests should be conducled lo select the proper additives and
lheir ratios and to delermine lhe curing time required to set the waste
adequately. Leaching tests and compressive strength tests should be
conducted 1o determine the integrity of the solid end product.

The shori-term environmental impact of stabilizing most amenable
wastes is small, but long-term reliability is not well known. Leachate that
may be produced as a result of the curing process should be coliected and
analyzed to dstermine the necessily for treatment before disposat. The
volume of leachate is usually minimal. Gas monitoring, collection, and
trealment may be necessary wilh wasles containing ammonium ions of
volatile organics. The alkalinity of cement drives off ammaonium ion as
ammonia gas. The heal generaled by the curing or setling of tha stabilized
product can drive off organic volatiles. See Table 6 for further detail
concerning residuals treatment.

Status: This technology has been commercially available for the
treatment of ACRA and CERCLA wastes prior to landfilling. In situ
stabilization has been used to treat CERCLA waste.

Figure B.8-1 illustrates stabilization/solidification, and Table B.8-1 is a
technology reskiiction table. Figure B.2-1 jllusirates the in-situ delivery
technique.

EPA Contact:

Carlton Wiles, (513) 569-7795 FTS 684-7795
Edward Barth {513) 569-7669 FTS 684-7669
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendor: _
This technology is readily available through numerous vendors.
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Tabie 8.8-1

Technology Sumniary.

waste Type:  Solls and Siudges
3 1 Tec‘!'molqu: l StabilizationsSoliditication

Characteristics Data
impacting Process Collection
Feasibility Reason for Potenlial Impact Requiraments Ref.
Organic content Organics interfers with bonding of Analysis far 2,10
should ba no wasle materials. volatile
greater than 20- solids, total
45% by weight organic
whan using carbon
cement-based
technologias
Semivolatile Organics interfere with bonding of  Analysis for *
organics waste materials semivolatile
> 10,000 ppm organics,
PAHs PAHs
> 10,000 ppm
Wastes with less targe volumes of cement or other Analysis for 2
than 15% solids reagents required, greatly total solids
increasing the volumae and weight and
of the end product Waste may suspended
require reconstitution with water to solfids
prepara wastelreagent mix.
Oil and grease Weaken bonds between wasle Analysis for 2
should be <10%" particles and cement by coating the oif and
when using particles. grease
cement-based
technology
Fine particle size  Insoluble material passing through Soil particle 2
a No. 200 mesh sieve can delay size
seting and curing. Small particles  distribution
can also coat larger particles,
weakening bonds between particles
and cement or other reagents.
Particle size > 1/4 inch in diameter
not suitable.
Halides May refard setting easily leached Analysis g
. for total
halides
Soluble salts of Raduce physical strength of final Analysis for 2,10
manganese, lin, product; cause large varialions in inorganic
zinc, copper, and  sefting time; reduce dimensional salts

lead

Cyanides
> 3,000 ppm

stability of the cured matrix, thereby
increasing leachability potential.

Cyanides interfere with bonding of
waste malerials

Analysis for
cyanides

* Information provided by vendors marketing this fechnology.
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Waste Type:  Soils and Siudges
Yechnology: StabilizationiSoliditication 9 2 I
Characteristics Data
tmpaca‘nq P_rpcass Collaction
Feasibility Reason for Potential Impact Regquirements  Raf.

Sodium arsenate,
borates,
phosphatas,
iodates, sulfide,
and
carbohydrates

Sulfates

Retard setting and cunng and
waaken Strength of final product.

Retard sefting and cause swealling
and spaliing.

Volatile organics Volatiles not effectively immobilized.
Driven off by heat of reaction.

Sludges containing volatile organics
can be treated using a heated
axtruderigvaporator to evaporate
free water and YOCs and mixing
with asphait. VOCs with Rashpoint
below 350°F, thermally unstable
malerials, solvents in sufficient
concentrations 10 soften the
asphall, and highly reactive
materials require pretreatment,

Presence of
leachable metals

Effectivenass of stabilization
methads may vary.

Fhenol
conceniration
greater than 5%

Results in markad decreases in
compressive strangth.

Prasence of coal

sen Coals and lignite can cause
or lignite

problems with setting, curing, and
strength of the end product.

Bench-scale 2,10
testing

Analysis for 2.8
sulfate

Analysis for 9
volatils

organics,
bench-scale "
testing

Analysis for 10
priorily

pollutants,
bench-scale

testing

Analysis for 59
phenols

Core 8
sampling with
speacific

analysis for

coal.

" Information provided by vendors marketing this technology.
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B.9 Chemical Reduction-Oxidation
fTechinoidgy Pescription

The chemical reduction-oxidation {redox) process is employed to
destroy hazardous components or convert the hazardous companents of
the waste slréam to less hazardous forms. Redox processes are based on
reduction-oxidakion reactions between lhe waste components and added
reactants in which the oxidation stale of one reactant is raised while that of
another is lowered.

A significant use of chemical redox is the reduction of hexavalent
chromium (Cr*€) to Wivalent chromium (Crt3), which is less toxic and
more susceptible to chemical precipitation. Redox has also been used to
treat mercury-, silver-, and lead-contaminated wastes. Common
reducing agents include alkali metals {sodium, potassium) sulfur dioxide,
sulfite salis. terrous sulfate, iron, aluminum, zinc, and sodium borohydrides.

Chemical oxidation is used primartly for treatment of cyanide and dilute
wasle streams conlaining oxidizable organics. Among the organics for
which oxidative treatment has been reported are aldehyde, mercaptans,
phenols, benading, unsaturated acids, and certain pesticides. Common
commercially available oxidanis include potassium permanganate,
hydrogen peroxide, hypochlorite, and chlorine gas.

The chemical redox trealment process consists of initial pH adjustment,
addition of redox reagents, mixing, and treatmenl to remove or precipitate
the reduced or oxidized products. Chemical redox has limited application o
sludges because of difficulties in achieving intimate contact betwsen the
reagent and the hazardous constiuent. Sludges must be slurried prior to
treatment 1o achieve a suspended solids content of 3 percent or less.
Chemical redox is not well suiled for high-strength, complex wasle
streams. The most powerful oxidants and reductants are relatively
nonsslectiva, and any oxidizable/reducible constiluents in the waste may be
treated. For highly concentraled waste streams this will resuit in the need to
add large concentrations of reagent to treat target compounds.

The chemical redox process generates a solids/liquids effiuent that
requires further lreatment. if the reduced hazardous components are still in
a soluble form under system conditions, chemical precipitation methods
must be employed to converl these components to an insoluble form.
Following reduction andror precipitation, the solids must be separated from
the liquid by filtration, seltling, or evaporation. Chemical oxidation reactions
with organics are frequently incomplete, requiring biological or carbon
adsorption post trealment. When using the chemical reduction-oxidation
technique for treating chiorinated organics, a possibility of producing HCl
exists. Leach tests should be conducted on the residual solids to determine
the need for stabilizauon before iinal disposal. The liquid effluent should be
analyzed betore discharge to ensure regulatory compliance.

Wastes that can be treated via redox include: (a) benzene, phenols, most
organics, cyanide, arsenic, iron, and manganese (oxidation treatment} and
{b) chrormium (VI), mercury, lead, silver, chlorinated organics like PCBs, and
unsaturated hydrocarbons (reduction trealtment).

Status: This technology is widsly available for RCRA wastes and is
potentially applicable to a variety of CERCLA wasles.

Figure B 9-1 illustrates the chemical reduction-oxidation process, and
Table B.8-1 is a technology restriction lable.
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EPA Contact:

Charles J. Rogers, (513) 569-7757. FTS 684-7757

U.S. Environmental Protection Agency
Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendor:

No specific names of vendors are listed
here since the technalogy is widely available

Figure B.9-1
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Source: EPA
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Tabie 8.9-1

Tachnology Summary.

flwa s-t:e Tm:a: ESfudges

Technology: Chemical Reduction/Oxidation
Wasle Data
Charactenstics Coliection
impactng Process Reason for Potential Impact Requirements  Ref.
Feasbility
Organic content Oxidizable organics in the sludge Analysis for 10
will create competing redox priority
reactions, therefore requiring larger pollutanis,
amounts of oxidation/reduction chemical
raagent. oxygen
demand
{COD)
analysis
Variation in waste  Chemical redox is indiscriminate; Statistical 2,3
composition unwanted side reactions could sampling,
occur. priority
pollutant
analysis
Chromium (*3), Oxidation of organic sludges will Analysis for 3
mercury, lead, oxidize these metals to their more tatal
silver toxic and mobile forms. chromium,
mercury, and
sliver
High viscosity Subsequent need for addition of Bench-scale 4
hquid to aid mixing. tasting
Low pH of siudge A low pH (<2} may interfare with pH testing 4
redox reagents.
Od and grease Oil and grease content of greatar Analysis for 11
comant than 1% by weight interferas with oil and
reaclant/wasta corntacl. grease
Suspended solids A suspended solids content of Total i1
content greater than 3% by weight can suspended
interfare with reductant/waste solicls

cantact inhibiting reduction.
Sludges therefore will need to be
slurried prior to treatment.”

* See Table 4.
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B.10 In Situ Vitrification

Technology Description ’
gd s!;ils '02r

In situ vilnfication (1SV) is the process of melting wasles
sludges in place 1o bind the waste in a glassy, solid malrix resistant to
teaching and more durable than granite or marble. 1SV technology is based
on the concept of joule-heating to eleclrically melt soil or sludge. Melt
temperatures are in the range of 1600 to 2000°C and act to destroy organic
poliutants by pyrolysis. Although the process was initially devsloped to
provide enhanced isolation to previously disposed radioactive wastas, the
process may also destroy or immobilize many inorganic and organic
hazardous chemical wasles. There are several general araas where the ISV
process might be applied to hazardous waste: contaminaled soil sites,
burial grounds, tanks that contain a hazardous heel in the form of sither a
sludge or a salt cake, and process sludges.

In the ISV process, four electrodes are inserted into the sail to the
desired treatment depth. A conductive mixture of flaked graphite and glass
fritis usually placed among the elsctrodes to act as the starier path for the
electrical circuit. Heal from the high current of electricily passing through
the electrodes and graphile creales a mell. The graphite starter path is
eventually consumed by oxidation, and the current is transferred to the
molten soil, which is now electrically conductive. As the melt Qrows
downward and outward, il incorporales nonvolatile elements and destroys
organic components by pyrolysis. The pyrolyzed byproducts migrats to the
swface of the vitrified zone, where they combust in the presence of
oxygen. Inorganic materials are dissolved into or are sncapsulated in the
vitrified mass. Conveclive currents within the melt uniformly mix materials
thal are present in the soil. When the electric current ceases, the molten
volume cools and solidifies. A hood placed over the processing area
provides confinement for the combustion gases, drawing the gases into an
off-gas treatment system.

Specific site characteristics must be considered in determining the
applicability of ISV. In the event that feasibiiity tests indicate problems in
soil conductance or vitrification, sand, soda ash, or glass fiit can be mixed
with the soil 1o improve the process. A combination of high soil permeability
and the presence of ground waler can create econornic limitations to the
process. The process will work with fully satuated soils; however, the water
in the soil must be evaporated before the scil will begin to melt. If the soil
moisture is being recharged by an aquifer, there is an additional economic
impact. Soils with permeabilities higher than 104 cmi/sec are difficult to
vitiify in the presence of flowing ground water and therefore require
temporary ground-water diversion, if practical, during processing. if buried
metals, such as drums, occupy over 90 percent of the linoar distance
between electrodes, a conduction palh that leads to elecincal shorting
between electrodss may result.

The environmental impact of lhe off-gas must also be addressed when
considering 1SV. A hood must be placed over the processing area 1o collect
volatiles driven off during startup, combustion gases., and stearm and
convey them into the off-gas {reatment system. The depth of inorganics,
such as cadmium or lead, has a direct effect on the retention of the
inorganic in the melt. The presence of combustibles can provide a path to
the surface by entraining heavy metal oxides in the combustion product
gases. The closer they are to the surface, the more likely it is that the
entrained materials will nol be removed and recaptured by the melt or
recapiured in the off-gas treatment system. Iadividual applications must
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38 reviewed in delail prior 10 making final applicability decisions. Small-
scale leasibily tests and detailed site mapping are of vital importance.
B,yggprqdhctggoi the process include an aqueous scrub solution. When
scrub sblution conlains fow levels of contaminants, residual treatment may
be required. Ses Table 6 for more detail on residuals treatment.

Figura B.10-1 illustrates the in situ vitrification process, and Table
B.10-1 is a technology restriction table.

EPA Contact:

Jonathan Herrmann, (513) 569-7839 FTS 684-7839
U.S. Environmenta! Prolection Agency

Risk Reduction Engineering Laboratory

Cincinnali, OH 45268

Vendor:

James Hansen, (206} 822-4000
GeoSate Corporation

303 Parkplace Suite 126
Kirkland, WA 98033
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In situ vitrification,

Figure B.10-1.

to Traatment

Source. Battelle Pacific Northeast Laboratories
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Waste Type:

oW g, MRl e

Soils and Sludges

R ) ®chndiogl In Situ Vitritication

Characteristics
impacting Process Data Coliection
Faasibility Reason for Potential Impact Requirements  Ref.
Presenca of Saverely limits economic Parcolation 12
ground water and practicalify bacause much ltestiwater table
soil permeability - enerpy will be expended in mapping
less than 1 x 1075 driving off water.
cmisec
Buried metals Buriad metals can resultin a Site mapping i2
{drums} accupying  conductive path that would lead
over 90% of linear (o electrical shorting belween
distance batween electrodes.
alectrodes
Loosely packed May start undarground fire. Site mapping -
rubbrsh, buried
coal
Combustible Time-ordered limits to the Site mapping, 12
liquids™ (9600 Ibfyd  capacity of the off-gas system analysis for
of depth or 7 wt %) 10 coniam combustion gas. Not priority
cumulative capacity. poliutants,
feasibility testing
Combustible Tima-ordeared limits to the Site mapping, 12
salids® (6400 Ib/yd capacity of the off-gas system analysis for
of depth or 4.7 wl (o comtamn combustion gas. Not  priorily
%, inciuding 30%  cumulative capacity. poliutants,
soil with the feasibilily testing
solids)
Combustible Time-ordered limits 0 the Site mapping, 12
packages® (1.2 yd3  capacily of the off-gas system analysis far
or 32 f13) to contain combustion gas. Not priarity
cumulative capacity.- pollitants,
feasibility testing
Volatle matal Relention of volaiile metals in Sita mapping, 12
contant and depth  melt is reduced as surface is analysis for Cd,
approached. Clean soil may be  Pb, Hg, As

Combustible liquids

Void volumes

placed on top lo increase depth
{o which off-gas treatment mey
be relied on.

9600 Iblyd of dapth or 7% by
weight.

5-6 ydd or 152 19,

* Concentration limils are generic

reviewed in detlail,

Yendor informauon sheat.
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in nature; individual applications need (o be
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Laboratory.
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Appendix C
Biological Treatment Technologies

Introduction

Several well-developed biological technologies exist for the treatment
of aqueous waste sireams contaminaled at various [evels with
nonhalogenated organics and some halogenated organics. The subject of
this appendix, however, 1s the biodegradation of organic contaminants in
sludges and soils. Contaminated sludges and soils can be biologically
treated in situ or excavated and treated by solid-phase and slurry-phase
bioremedialion processes. Solid-phase and slurry-phase processes are
being developed. and in some cases have been used, 10 treat a wide range
of contaminants such as pesticides, diesel, gasoline, fuel oil, creosote,
pentachiorophenol, and halogenated volatile organics. Ephanced in situ
biodegradation is being used for sites having soil and ground water
contaminaled with readily biodegradable organics such as gascline and
diesel. This technology is being developed for contaminanis that are more
difficuit to degrade.

This appendix contains information on biological treatment technologies.
For each technology, a technology description is provided, followed by an
illustration of the process and a lechnology restriction table. Each
technology resiriction table includes a listing of the characleristics
impacting the feasibilty of the process, reasons for restriction, data
collsction requirsments, and references. The numbers in the "Reference”
column are correlated with the list of references included at the end of this
appendix.
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C.1 Blodegradation
Technology Description v

Biodegradation is the bio-oxidation of organic mattef by~ micro-

organisms. Composting, in situ biodegradation, solid-phase and sluiry-
phase treatment are four biodegradation techniques applicable to soils and
sludges. In situ biodegradation is discussed separately.

C.1.1 Composting

Composting involves the storage of highly biocdegradable and structurally
firm material (e.g., chopped haw, woad chips, etc.} with a small perceniage
(<10%) biodegradable wasta. Composting is enhanced by waste size
uniformity. Adequate aeration, optimum temperature, moisture and nutrient
contents, and ithe presence of an appropriate microbial populalion are
necessary to enhance decompaosition of organic campounds.

There are three basic types of composting: open windrow systems,
static windrow systems, and in-vessel (reactor) systems. The open
windrow system consists of stacking the compost into elongated piles.
Aeration is accomplished by tearing down and rebuilding the piles. The
static windrow system also involves long piles of compost. However, the
piles are aerated by a forced air system; i.a., the piles are built on top of a
grid of perforated pipes. Finally, the in-vessel systam involves placing the
compost inte an enclosed reactor. Aeration is accomplished by tumbling,
stirring, and forced aeration.

in general, compared to in situ biodegradation, composting is relatively
insensitive to toxicants. The optimum temperature range for composting is
between 10 and 45°C or between 50 and 70°C.

When treating CERCLA wastes, it is necessary to collect leachate and
runoff water from the composting beds. See Table 6 for information on
residuals management.

Composting has not been widely used but is potentialiy applicabls to
both siudges and sails.

C.1.2 Slurry-Phase Treatment

A second biodegradation technology involves the ireatment of
contarninated soil or sludge in a large mobile bioreactor. This system
maintains intimate mixing and confact of microorganisms with the
tazardous compounds and crsates the appropriale environmental
conditions for optimizing microbial biodegradation of larget contaminants.

The first step in the treatment process is to create the aqueous sluiry.
During this step stones and rubble are physically separated from the waste,
and the waste is mixed with water, if necessary, to obtain the appropriate
slurry density. The water may be conlaminated ground water, surface
water, or another source of water. A typical soil slurry contains about 50
percent solids by weight; a slurried sludgs may contain fewer sofids. The
actual percent solids is detarmined in the laboratory based on the
concentration of contaminants, the rate of biodsegradation, and the physical
nature of the waste. The slurry is mechanically agitated in a reactor vessel
{o keep the solids suspended and maintain the appropriate environmental
conditions. Inorganic and organic nulrients, oxygen, and acid or alkali for
pH control may be added to maintain optimum conditions. Microorganisms
may be added initially to seed the bioreactor or added continuously to
maintain the correct concentration of biomass. The residence time in ths
bioreactor varies with the soil or sludge matrix, physical/chemical nature of
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the conlaminant, including concentration, and the biodegradability of the

contlamina.nlsf)nce biodegradation of the contaminants is completed, the
i -g f‘f!reatléd skury/is dewatered. The residual water may require further
treatment prior to disposal.

Depending on the nature and concentration of the contaminants, and the
location of the site, any emissions may be relsased to the atmosphere, or
treated lo prevent emission. Fugitive emissions of volatite organic
compounds, for instance, can be controlled by moditying the slurry-phase
bioreactor so that it is completely enclosed. See Table 6 for information on
residuals management.

Aside from the biodegradability of a particular compound, other limiting
factors include the presence of inhibiting compounds and operalting
temperature. Heavy metals and chlorides may inhibit microbial metabolism
because of their toxicity. The operating lemperature range is approximately
15-70°C. Dijssolved oxygen is also critical and must be monitored along
with pH, nuirients, and waste solubility.

One advaniage of treatment in a contained process is that a remediation
systam can be designed lo pretreat waste contaminated with heavy metals
as well as biodegradable semi-volatile and volatile compounds. Soil
washing and extraclion of metals using weak acids and chelating agents
can be combined with biological treatment by coupling two Sseparale
slurry-phase reactors in series.

Several firms market slurry-phase biological treatment systems. Ecova
Corporation markets slurry-phase treatment for highly-contaminated soils
{e.g., up to 14,000 ppm pesticides). Ecova can combine thsir biological
system with several other processes to handle vapors and heavy metals.
Ecova's system removes debris greater than 0.25 inches in diameter prior
to transferring to the bioreaclor.

Detox Industriss uses a slurry-phase biological treatment system to
biodegrade chiorinated hydrocarbons with naturally occurring
microorganisms. Detox claims that the process is particularly suited to
degradation of PCBs in soil and in sludges.

MoTec calls its slurry-phase system liquid-solid contact digestion.
They specialize in trealing scil and sludge contaminataed with crecsote and
pentachlorophenol but are also studying the application of their system tfo
other types of biodegradable waste. This system requires co-metabolites
which provide carbon and hydrogen that can be easily digested by the
microorganisms. Once the co-metabolites such as polynuclear aromatics,
chlorinated hydrocarbons, or chlorinated aromatics are consumed, the
bacteria begin lo metabolize target malecules in the waste that resemble
the co-metabolites. After completion of treatment, the solids are allowed to
sattle, and the water is decanted. The sludge is then air-dried, and the
waler is frealed.

C.1.3 Solid-Phase Treatment

Solid-phase soil bioremediation is a process that treats soils in an
above grade system using conventional soil management practices to
enhance the microbial degradation of contaminants. The system can be
designed to contain and treat soil leachate and volatile organic compounds.

A system used by Ecova consists of a treatment bed which is fined with
an 80-millimeter high-density liner with heat-welded seams. Clean sand
is placed on top of the line to provide protection for the liner and proper
drainage for contaminaled water as it leaches from contaminated soils
placed on the treatment bed. Lateral perforated drainage pipe is placed on
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top of the synthatic liner in the sand bed 1o collect soii lsachate. i volatile
contaminants must be contained, the lined soil lreatment bed is completely
covered by a madified plastic film greenhouse. An overhiead @ra\}?irrig@iong AR
system cantained within the greenhouse provides for moisturd confrol and & B
means of distributing nutrients and microbial inocula to the soil treatment
bed.

Volatile organic compounds which may be released from the seil during
processing are swept through the structure 1o an air managemenl syslem.
Biodegradable volatile arganic compounds can be lreated in a vapor phase
bioreactor. Non-biodegradabls volatile organic compounds can be
ramoved from the effluent gas stream by adsorption on activated carbon or
incineration.

Contaminated leachate which drains from the seil is ransportad by the
drain pipes and collected in a gravity-flow lined sump and then pumped to
an on-site bioreactor for trealment. Treated leachate can then be used as
a source of microbial inocula and reapplied to ithe soil treatment bed
through an overhead irrigation sysiem, after adjusting for nutrienls and
other environmental parameters.

Status: The MoTec technology has bean used to freat pentachiorophenal
and creosote wastes, oil lield and refinery sludges, and peslicids
wastewaters. The Detox process has been used to treat wastes containing
PCBs and pentachlorophenol. Ecova has applied slurry-phase bio-
remadiation at the full scals to soil containing pesticides and diesel fuel,
and at the pilot scale to soil contaminated with polyaromatic hydrocarbons
{PAHs}. Ecova has used solid-phase biodegradation at full scale to treat
soil containing gasaline, pesticides, and a mixture of molor oil and diessl,
and at the pilot scale to soils containing PAHs and pentachlorephenol.

Figure C.1-1 illustrates the slurry-phase biodegradatien process,
Figure G.1-2 illustrates the solid-phase biodegradalion syslem, and
Table C.1-1 is a technology restriction table.

EPA Contact:

Ronald Lewis, (513) 569-7856, FTS 684-7856
Eugene Harris, (513) 569-7862, FTS 684-7862
U.S. Environmental Protection Agency

Risk Reduction Engineering Laboratory
Cincinnati, OH 45268

Vendors:

Tom Dardas, (713) 240-0892
Detox Industries, Inc.

12919 Dairy Ashford
Sugarland, TX

John Bogart, (615) 754-9626
MoTec, Inc.

P.O. Box 338

Mt. Juliet, TN 37122-0338

Al Bourquin, (208) 883-1900
Darek Ross (206) 883-1900
Ecova Corporation

3820 159th Avenue NE
Aedmond, WA 98052
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. Tabig C.1-1 Technology Summary.
o
B ~Waste Type: ¢$olls and Sludges
32 . 9 2 1 '*g T [ ’-)rechnoioéy: iodegradation
] 2e 2
=& =R ] }
S8 £ & " Characteristics
g && o impacting Process Data Coflection
k] El 3 Faasibility Reason for Potential impact Requirernents  Ref.
9 a 0
ga Variable waste Inconsistent biodegradation caused Waste 1
IR composition by variation in biclogical activity. composition
Watar solubility Contaminants with low solubility are  Solubility 1
harder o biodegrade.
Biodagradability Low biodegradability inhibits Chemical 7
o process. conslituents,
%5 bench-scale
E h
TE - . lesting
5@ . n
= f_f g g Temperature Larger, more diverse microbial Temperature 1.2
w it '{ a outside 15-70°C  population present in this range. monitoring
= g range
) a
E N Nutrient deficiency Lack of adaquate nulrients for CINIP ratio 3
o biological activity (although nutrient
AN supplements may be added).
2 Oxygen deficiency Lack of oxygen is rale limiting. Oxygen 1
& monitoring
Moisture content A moisture contant of greater than  Ralio ofgirto 1,23
79% affocts bacterial aclivily and water in
availability of oxygen. A moistura interstices,
content below 40% seversely inhibits  parosity of
bacterial activity. composting
mass
o pH outside Inhibition of biological activity Sludge pH
24a 4.5-8.5 range testing
E a.
£ % Microbial If indiganous microorganisms not Cullure test 3
25 population present, cultured sirains can be
added.
Water and air Potantial environmental andfor Conceantrations 1
amissions and health impacts {control achieved of
discharges through air scrubbing, carbon contaminants
{compostng only)  filtration, forced aeration, cement
liner).
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Table C.1-1  Technology Summary {cantinued).

Waste Type:  Soils and Studges 9 2 | 2
Technology: Biodegradation -

C.2 In Situ Biodegradation
iTlechpology Description

In situ biodegradation uses indigenous or introduced aerobic or
anaerobic bacteria to biodegrade organic compounds in soils. The

Tt
nd

Characteristics A technotogy involves enhancing the natural biodegradation process by
Impacting Process _ Data Collection injecting nutrients (i.e., phosphorus, nilrogen, etc.), oxygen, and even
Faasibility Reeson for Potential Impact Reguiremenlts Ref.

culiured bacterial strains. It is alsc possible to adjust some environmental
parameters such as soil pH and temperature.

Compaction of Particles tend to coalesce and Daternune 3

compost form an amorphous mass that is not  integrity, In situ biodegradation is often used in conjunction with a ground-water
{composting only)  easily maintained in an aerobic physical nature pumping and reinjection system to circulate nutrlents and oxygen through a
environment (wood chips or of materiat contaminated aquifer and associated soils. It can provide substantial
shredded tires may be added as reduction in organic contaminant levels in scils without the cost of soil
bulking agernts). excavation.

Nonuniform Waste mixturas must be of uniform  Parucle size 2 lUnder i'avorabla conditions indigenous and/or ir}troduced soil
particle particle size. distribution microorganisms are known to degrade many.orgamc'compounds.
{composting only) Microorganisms are capable of pompletely degrading organic compounds
inlo waler and carbon dioxide in the presence of sufficient oxygen and
Prasance of Can be highiy toxic to Analysis for 4.5 nulrients such as nitrogen and phosphorous, a near nsutral pH, and warmer
elevated levals of: microorganisms. priority soil temperatures. Anaercbic degradation of organics is possible although
¢ Heavy matals poliutant the rates of degradation are generally oo slow to constilute an active

* Highly remediation.
g’r'é‘;”;?:s“'d Enhanced biodegradation (bioreciamation) is ore of the in situ methods
*Some that is engineered 1o create favorable -aerobic conditions in unfavorable
pasticides, conditions such as nonhomogeneous soils, delicate geochemical balances,
herbicides and uncertain organic substrates. A major rate limiting factor in in situ

e inorganic salts
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biodagration is the presence of dissolved oxygen. Hydrogen peroxide is
currently the preferred oxygen source; at 40 mgfAl of ground water, it
releases enough oxygen to maintain continuous biodegradation. The
presence of iron in the subsurface causes hydrogen peroxide deplation at a
faster rate. A prerequisite for the application of hydrogen peroxide as an
oxygen source is soil pretreatment, which is necessary to prolong the
stability of peroxide in situ. Several phosphate compounds are currently
being tested as complexing agents for iron to increase the stability of
peroxide. Anaerobic pathways are also available but are generally
considared too slow to constitute active cleanup.

it is recommended that a contral area be established on the upgradient
end of the site. The purpose of this area is to compare natural levels of
degradation 1o the enhanced biodegradation reaction provided by nutrient
and peroxide additions. An aeration and settling unit may be required to
reduce iran fouling if the iron content of the shallow ground water Is greater
than 10 mg/l.

This technology is not suitable for soil contaminated with metals present
in inhibitary concentrations but is well suited for soil contaminated by
petroleum by-products.

Status: Ecova has applied this technology to solvenis and chlorinated
aromatic compounds. The technology has been used most frequently to
treat soil contaminated with gasoline and diessl.

Figure C.2-1 is an illustration of in situ biodegradation, and Table C.2-
1 is a technology restriction table.
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EPA Contact.

John Wilson, (405) 332-8800, FTS 743-2259 .

U.S. Environmental Protection Agency 9 2 ! 2
Robert S. Kerr Environmental Research Laboratory |

Ada, OK 74820 1
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John Kepper, (201) 225-2000
IT Corporation
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Edison, NJ 08818
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and
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Paul B. Trost, (303) 279-4265
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Tabla C.2-1

Technology Swinmary.

9 2

elevated levels of:

» Heavy metals

e Highly
chiorinated
organics

» Some
pesticides,
herbicides

8 Inorganic salts

microorganisms.

contaminams

Waste Type:  Solls and Sludges
Technology: In Situ Biodegradation
Characteristics Daia
impacting Process Collection
Feasihility Reason for Potential Impact Requirements  Ref
Variable waste inconsistent biodegradation caused Waste 1
composition by variation in biological activity. composifion
water soiubility Contaminants with low solubility are  Solubility 1
harder (o biodegrade.
Brodegradability Low biodegradabilily inhibits Charmical 1
process. consatuents,
presence of
matals/salts,
bench-scale
testing
Temperature Larger, more divarse microbial Temperature 1.2
outside 25-70°C population present in this range. monitoring
range
Nutrient deficiency Lack of adequate nuirients for CiNIS ratio 3
biolagical activity (although nutrient
supplements may be added).
Oxygen deficiency Oxygen depletion slows down the Oxygen 1
process. monitorng
Moisture content A moisture content of greater than  Ratio of airfo 1,23
79% affects bacterial activity and water mn
availability of oxygen. A moisture interstices,
content balow 40% severely inhibits  porosity of
bacterial activity. composung
mass
pH outside Inhibition of biclogical activily. Sludge pH
4.5-7.5 range tasting
Microbial If indigenous microorganisms not Culture tast 3
population presenl, cultured strains can be
added.
Presence of Can be highly toxic to Analysis for 4.5
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Table C2-7

Technology Summary {(continued).

o
.; Las‘f& Ty?e: gous and Studges

of ground water

Technolagy: In Situ Biodegradation
Characteristics Data Collection
impacting Process Requirements
Feasibility Reason for Polential Impact Ref.
Unfavorable soil
characteristcs
e Low permeability Hinders movement of water and  Percolation 4.5
nutrients through contaminated testing
area.
® Vanahle soil inconsistent biodegracdiation due  Soil mapping 4
conditions to variation in brological activity.
e Low soil pH Intubitton of biological actvily. Soil pH testing 4
{<5.5)
e Low soil organic  Lack of organic subsirate for Soil humus 4
content hiological growth. content
® Low moisture Subsurface biological growth Soit moisture 4
content (< 10%) requires adequate moisture. confent
Unfavarable site Groundwater fiow patterns must  Site 4,5
hydrology permit pumping for axtraction hydrogeology
and rewnaction. must be well
defined.
Unfavorable
groundwater
quality paramelars
o Low dissolved Oxygen necessary for biciogical  Dissolved 4,5
oxygen growth. oxygen in
ground waler,
determing
amount of hy-
drogen per-
oxide neaded to
satisfy oxygen
demand
e Low pH, alkalinity Inhibition of biologice! activily. pH and alkalinity 4,5
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Tahle D-1

Examples of Constituents Within Waste Groups.

HALOGENATED VOLATILES
Bromodichloromsthane
Bromoform

Bromomethane

Carbon tetrachloride
Chioradibromomethane
Chiorohenzene
Chioroethana

Chioroform
Chloromethane
Chlaropropane
Dibromomethans

Cis, 1,3-dichioropropéne
1.1-Dichloroethane
1.2-Dichioroethane
1,1-Dichiorosthena
1.2-Dichloroathene
1.2-Dichloropropane
Fluorotrichloromethane
Methylene chloride
1,1,2,2-tetrachiorosthane
Tetrachloroethens
1,1,1-Trichloroethane
1.1,2-Trichloroethane
1,2-Trans-dichloroethena
Trans-1,3-dichloropropene
1,1,2-trichloro-1.2,2-trifluoroethane
Trichloroetheneg

Vinyl chiaride .
Total chiorinated hydrocarbon
Hexachloroethane
Dichloromethane

HALOGENATED SEMIVOLATILES
2-chlorophenol
2,4-dichlorophanol
Hexachioracyclopenitadiene
p-chloro-m-cresol
Pentachlorophenol
Tetrachlorophenol
2,4,5-trichlorophenol
" 2,4,8-trichlorophenol
Bis-(2-chlorosthoxy)methane
Bis{2-chlaroethyl)ether
Bis(2-chloroisapropyljether
4-bromophenyl pheny! sthrer
4-chloroaniline
2-chioronapthalene
4-chlorophenyl phenylether
1,2-dichiorobenzene
1,3-dichlorobenzeane
1,4-dichlorobenzene
3,3-dichlorabenzidine
Hexachlorobenzene
Hexachlorobutadiene
1.2,4-{richlorobenzene

(2

2 ¥ 7}
HALOGENATED SEMIVOUATILES (cody £
Bis(2-chioroathoxy)phthaiate
Bis{2-chloroathoxylather
1,2-bis(2-chlorosthoxy)ethane

NONHALOGENATED VOLATILES
Acetone

Acrolein

Acrylonilrite

Benzene

2-butanone

Carbon disuificde
Cyclohexanone

Ethyl acetate

Ethyl ether

Ethyl benzene
2-hexanong
isobutanol

Mathanal

Methy! isobutyl ketone
4-methyl-2-pentanone
n-butyl alcohol
Styrene

Toluene

Trimethyl benzene
Vinyl acelale

Xylenes

NONHALOGENATED SEMIVOLATILES
Benzoic acid

Cresols
2,4-dimethylphenol
2,4-dinitrophenol
2-methylphenol
4-methylphenol
2-nitrophenol
$-nitrophenaol

Phanol

Acenaphthene
Acenapthylene
Anthracene

Benzidine
Benzo(a)anthracens
Benzofb)fAucranthene
Benzo(k)fiuoranthene
Banzofa)pyrene
Benzo{ghi)perylene
Benzyl alcohol
8is(2-ethylhexyl)phthalate
Butyl benzy! phthalate
Chrysene
Dibenzo(a,h)anthracene
Dibenzofuran

Diethy! phthalate
Dimethy! phthalate
Di-n-butyl phthalate
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Tabie D-1

Examples of Constituents Within Waste Groups (continued).

}4 6-{1‘3{"]‘ ] &—rnﬁ)ylphenof

2 4 -thnitrololuene
2.6-chnntrololuene
Dr-n-octyl phthalate
1.2-diphenylthydrazine
Fluoranthene
Fluorene

Incleno{1.2.3-cd)pyrene

isophorong
2-methylnapthalene
Napthalene
2-nitroaniline
3-nitroaniline
J-nitroaniline
Nitrobenzene

n-mirasodimethylamine
n-mitrosodi-n-propylamine
n-mtrosodiphenylamine

Phenanthrane
Pyrena

Pyridine
2-methynaphthalene
Bis phthalate
Phenyl napthalene

PESTICIDES
Aldrin
Bhc-alpha
Bhe-beta
Bhc-della
Bhe-gamma
Chlordane
4,4-D0D
+4,4"-DDE
4,4"-DO¢t
Dieldrin
Endosulfan !
Endosulfan it

VOLATILE METALS (cont)
Lead

Mercury

Tin

Selenium

GTHER CATEGORIES
Asbestos

INORGANIC CORROSIVES
Hydrochioric acid

Nitric acid

Hydrofiuoric acid

Sulfuric acid

Sodium hydroxide
Calcium hydroxide
Calcium carbonale
Potassiurn carbonate

FPCBs

FCA (Arochior)-1016

PCB (Arochior)-1221

PCB (Arochior)-1232

PCB {Arochlor)-1242

PCB {Arochior)-1248

PCB [Arochlor)-1254

PCB (Arochlor)-1260

PCB NOS (not otherwisa specified)

ORGANIC CORROSIVES
Acelic acid

Acelyl chloride

Aniline

Aramatic Sulfonic acids
Cresylic acid

Formic acid

NONMETALLIC TOXIC ELEMENTS

Endosuifan sulfate Fluorine
Endrin Bismuth
Endrin aidehyde
Ethion NONVOLATILE METALS
Ethyl parathion Aluminum
Heplachior Antimony
Heptachior epoxide Barium
Malathion Beryllium
Methylparathion Bismuth
Parathion Cadmium
Toxaphene Calcium
Chromium
Copper
VOLATILE METALS Cobait
Arsemc Iron
Bismuth Magnesium
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Fable D-1 Examples of Constituents Within Waste Groups (continued').
£yt 1 3
- fe

NONVOLATILE METALS (cont)

Manganese
Nickel
Potassium .
Selenium
Sodium
Vanadium

Zinc

RADIOACTIVES

Radioachve isotopes of
iodine, banum, uranium

Radium

Gamma radioaclivity

Radon; alpha radioactivity

ORGANIC CYANIDES
Organonitriles

INORGANIC CYANIDES

Cyanide

Metallic cyanides
{e.g., ferricyamde,
sodium cyamde)

OXIDIZERS
Chiorates
Chromates

REDUCERS
Sulfides
Phosphides
Hydrazine
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Table D-2 Wasle Technology Matrix Solls.
455

(Gontamman
AR SRR SRS
Organic Table

Halogenaled volatiles

Halogenated semivolatiles

Nonhaleganated volatiles

MNonhalogenated semivolatiles

PCBs

Pesticides

Organic cyanides

Qrganic corrosives
Inorganic

Volalile metals

Nonvolatile metals

Asbestos

Radioaclive materials

Inorganic corrosives

Incrganic cyanides
Reactive

Oxidizers

Reducers

* Do not use this malrix table

appendices for guidance.

-1 Fluidized bed incineration

Technology i

B.2-1 in situ chemical treatment
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©0|0[0|010
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008000
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O [OIOIOIDIDIO]  {OI0IO©IOIOIOID] B.5-1 Glycolate dechlorination

O |00 OIO OO0l OIDIOICIOIDIOD;] B.6-1 Low temperature thermal stripping
O 10I0I0I0I0I0]  IOIDIOIOID|@|©|@! B7-1 In situ vacuum/steam extraction
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00

©
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x| XIXIX|OIX[X] IXiO©DOWD©O| C.1-1 Biodegradation
XiX] XIXIXIOXX] X0OOIOOOOIO] C2-1 Insiubiodegradation

@ Demonstraled efiectivenass
@ FPotential effectivaness
(O No effectiveness

¥ Potential adverse impacts to
process or environment
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Table D-3 Waste Technology Matrix Siudges.

Treatment/Solution

Contaminant %

Organic Table
Halogenaled volatiles
Halogenated semivolatiles
Nonhalogenated volatiles
Nonhalogenated semivolatiles
PCBs
Paslicides
Qrganic cyanide
Organic corrosives
Inorganic
Volatile matals
Nonvolalile metals
Asbestos
Radioactive materials
Inorganic coriosivas
Inorganic cyanides
Reactive
Oxidizers
Reducers

* Do not use this matrix table

appendices for guidance.
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alone. Please refer to the cited

/. Demonsirated effectiveness

@ Potential effectiveness
(O No elfectiveness

¥ Potenlial adverse impacis 10

Material Dragline
3 ﬂtrarégort:andﬁ e

Bachkhoes,
excavalors

Mudcat

Positive

displacement

pump (e.g.,

cement pump)
Moyno pump

Evaporator

Filter press

Belt filler

Vacuum filler

Centrifuge
{solid bowi)

Drying
Gravity
thickening

Chemical
addition

Crane-operated excavator bucket to dredge
or scrape studge from lagoons, ponds, or
pits,

Useful for subsurface excavation or at the
original ground level.

Bulidozer or loader much like a crawler
capable of muoving through sludge.

Pump that can handle high-density sludges
containing abrasives such as sand and
gravel.

Progressing cavily pump that can pump
high-viscosity sludges.

Excess water can be evaporated from
sludge. The Carvar-Greenfiald process is a
potentially applicable tachnology. The sludge
is mixad with oil {o form a slurry, and the
moisture is evaporated through a multiple-
affact evaporator.

Sludge is pumped info cavities formed by a
sarias of plates covared by a filter cloth. Tha

liquid seeps through the filter cloth, and the
sludge solfds remain.

Sludge drops onto a perforated belt, where
gravily drainage takes place. The thickened
sludge is pressed belween a series of rollars
to produce a dry cake.

Siudge is fed onto a rotating perforated drum
with an internal vacuum, which exiracts liquid
phase.

Siudge feeds through a central pipe that
sprays it info a rotating bowl, Centrata
escapes out the large end of the bowl, and
the salids are removed from the tapered end
of the bowl hy means of a screw conveyer.

Rotary drying, flash drying, sand bed.

Slurry enters thickener and settles into
circular lank. The sludge thickens and
compacts at the boltomn of the tank, and the
sludge blanket remains to help further
concentration.

Compounds may be added to physicaily or
chemicaily bind water

process of environment f

T e e e

e
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Tabie D-4 Pretraatinent/Materials Handling Table: Sludges (continued).
Problem TreatmentiSolution 9 2 l 2
Excessive Slurry Addition of water or solvent.
sludge ) .
viscosity Addition of dispersams
Extreme pH Neutralization ~ Lima, an alkaline material, is widely used for
neulralizing acid wastes; sulfuric acid is used
to neutralize alkaline wasles.
Oversized See Table 5
material. {Soils)
removal
disaggregation,
sorting
Tabile D-5 Pretreatment:Materials Handling Tabie: Soils.
Probiem Treatment/Solution
Material Dragline Crane-oparated excavator bucket (o dredge
transport and or scrape soll (o depths and farther
axcavation reaches..
Backhoes Useful for subsurface excavation or at the
original ground lavel.
Heavy Includes bulldozers, excavators, and dump
earthmoving trucks for excavation and transport.
equipment
Conveyers May be useful for large-volume {ransport or
feed to treatment unil.
Oversized Vibrating Vibrates for screening of fine particles from
material screen dry materials. There is & large capacily per
removal, area of screan, and high efficiency. Can be
disaggregalion, clogged by very wet material.
sorting

Static screen

Grizzlies

Hammer mill

A wedge bar screen consisis of parallel bars
that are frame-mounted. A slurry flows down
through the feed inlet and flows tangentially
clown the surface of the screen. The curved
surfaces of the screen and the velocity of the
slurry provide a centrifugal force that
separates small partricies.

Parallel bars that are frame-mounted at an
angle to promote materials flow and
separation. Grizzligs are used o remove a
small amount of oversized matenal from
predominantly fine soil.

Used to reduce particle size of safter
materials.
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Tabie D-5

PretreatmentiMaterials Handling Table: Soils {continued).

4 6 30 féProtﬁ‘em?‘_l_

Treatment/Solution

Ovarsized
material
removal,

disaggregaton,

sorting (cont.)

Fugitive
annssions

Dewatering

impact
crushers

Shredder

Turnbling mifl

Cyclona

Dust
suppressant

Negalive
pressure air
Systems

Foams

Covered
shelters

Belt fitter
press,
centrifuge

Rotating dryer

Breaf( up feed particles by impact with
rotating hammers or bars. Impact crushing
works best with matarial that has several

planes of weakness, such as impuritias or
cracks.

Reduces size of wasta material. Shredders
are available to handle most materials,
including tires, metal, scrap, wood, and
concrele,

Re_duces size of rock and other materials
using a rofating drum fifled with balls, rod,
tubes, or pebbles.

Separales different sized particles by
centrifugalion and gravity.

Natural (8.g., water) or synthetic materials that
strengthen bonds between soil particles.

Vacuum systems that may be used to collect
vapors andfor dust particles and prevent
release into atmosphere.

Applied to soil surface to control volatile
emissions and dust during excavation

Temporary shelter with structurally or air
supported cover lo resirict emissions (o
enclosed volume.

Useful for dewatering of very wet soils
{tagoon sediments, wetlands).

Additional drying may permit higher feed
ratas for thermal treatment systems.
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Table D-6

Rasiduals Management.

Residual

Technology
Generating Residual

Contaminants

g 2 1 £ 9

Potential Management

Treated
s0il or ash

Treated
sail

Afterburner
ash

Sofids
{ash)

Glass
rasidue

Solids

Spent
activated
carbon

Fly ash

Leachale

Aqueous
affluent

Fluidized bed
incineration, infrared
thermal lreatment,
rotary kiln incineration

Low-temperature
thermal stripping

Low-femperature
thermal stripping

Wet air oxidation

Vitrification

Chemical extraction
- basic extractive
sludge treatment

Low-tamperature
tharmal stripping, air
pollution control
davice, wastewater
treaiment

Elsctrostalic precip-
itator, baghouse,
cyclone

Biodegradation,
stabilization!
solidification

Chemical exiraction,
soil washing

Wet air oxidation

Metals

Metals,
nonvolatite
organics

Volatile metals

Metal oxides,
insoluble salls

Nonvolatile
matals al the
operating
temperature

Metals, race
organics

Volatife organics

Volatile metals

Trace metals

Trace organics

frace organics

Carboxylic acids
and other
carbonyl group
compounds; low
molecular weight
organics, such
as acetaldehyde,
acetone,
methanol

Stahitizationisolidification
Vitrification

Stabiization/solidilication
Vilrification

Stabulizationfsolichfication
Vitrification

Mechanical dewataring
Stabutization/solidification

Disposal

Stabitizationtsolidification
Vitrification

Incineration, thermal
rageneralion, wet air
oxidation, staam strip-
ping with water {realmen,
biodegradation

Stabilization/solidification,
recycle to primary
thermal unit, reuse of ash

Chemical pracipitation
Stabilization/solidification

Biological treaiment or
carbon adsorphon,
photooxidation, chemical
oxidation

Biological treatment or
carbon adsorption

Biological treatment or
carbon adsorption,
photooxidation, chemical
oxidation
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5 3 3 4 BesiB

Technology
Generaling Residual

Contaminants

Potential Management

Water/
reagant mix

Water/
flushing
agent mix

Orgamc
affluant

Scrubber
watar

Off-gas

Glycolate
dechlorination

Soif washing/
soif flushing

Solvent extraction

Incineration
(Ruidized bed
incineration, rotary
kitn incineration,
vitriffcation unit,
infrared thermal
traatment), off-gas
cofiection and
treatment

In situ vitrification

Stabilization/
saolidification

Wet air oxidation

Organics

Crganics

Metals
Cyanides

Organics {non-
PCBs)

Organics mixed
with PCBs

Caustic, high
chioride content,
valatile metals,
organics, metal
parliculates, and
inorganic
particulates

Trace levels of
combustion
products, volatile
metals, andfor
volatile organics

Ammonia
Volatile organics

Low molecular
weight
compounds,
such as
acetaldehyde,
acelone, acetlic
acid, methanol

Distillation followed by
incineration

Distillation, carbon
adsorption, biological
ireatment, chemical
oxidation, photachemical
oxidation

Chemical precipitation

Chemical oxidation, wet

air oxidation, electrolytic
oxidation, photochemical
oxidation

Recycle or reuse as fuel
Incineration

Neutralization, chemical
precipitation, reverse
osmosls, settling ponds,
evaporation ponds,
filtration, and gas phase
incineration of organics,
chemical oxidation,
photochemicat oxidation

Gas scrubber, activated
carbon adsorption

Gas scrubbar
Carbon adsorption

Gas scrubber, carbon
adsarption, fuma
incineration, biological
treatment

* USGPO; 1988 ~ 548-158/87017
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